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Foreword 


Inrecent times the subject of electronics has become quite 
important not only to engineers but also to physicists both at the 
undergraduate and postgraduate level. An understanding of the 
elements of electronics and their applications has become necessary 
now in all the fields of science and technology. The need to under- 
stand the basic physical principles of transistors and the other more 
recently discovered new devices is felt increasingly by the electronic 
engineers. In view of this, a deeper understanding of the physics of 
transistor devices is necessary for exploiting the full capabilities of 
these devices for development of electronic instruments. There is 
also adearth of books on this subject by Indian authors. 

The present volume is expected to fill this gap by providing use- 
ful introduction to the study of semiconductor devices. This book 
covers the field of physics of semiconductors fairly comprehensively ' 
and covers the essential theories which led to an understanding of the 
physics of semiconductors including the latest semiconductor devices. 
Shri Rao has not only wide teaching experience in the subject to be 
able to present the material in a very lucid manner but has 
also the necessary research experience to see that the material 
that is presented is up-to-date. I have no doubt that this volume will 
be useful to all physicists and engineers who wish to have a fair 
understanding of the subject and who wish to pursue research work 
in this important area. I do hope that this volume will be as received 
as his earlier volume entitled ‘Introduction to Electronics”. 


B. RAMACHANDRA Rao 


Preface 


The book is written as a companion volume to the author’s 
earlier book ‘Introduction to Electronics’. In this age of ever ex- 
panding scientific horizons the topic semiconductor devices has 
assumed great importance, particularly for students of Physics and 
Engineering: It has been included in the syllabus by a number of 
universities in India. 

The book is based on the lectures delivered by the author to 
the students of Poona University. Switching devices which were 
covered in the earlier book ‘Introduction to Electronics’ have not 
been included in this book. : 

The need for a sound theoretical background, which is essential 
to the proper understanding of the devices, cannot be over- 
emphasized. However, the reluctance of the manufacturers to make 
available the exact data, has prevented the author from giving 
numerical values. 

The author is extremely grateful to Prof. B.R. Rao, Vice 
Chairman, U.G.C. for his valuable guidance, useful suggestions 
and encouragement and also for writing the foreword. Thanks are 
due to Prof, M.R. Bhiday, Head of the Physics Department, Poona 
University, whose encouragement, advice and guidance were of 
immense help in writing this book. 

The author is grateful to Dr. H.K. Srivastava, Principal, 
National Defence Academy and Prof. S.S.P. Bhatnagar, Head of 
the Physics Department, N.D.A. for their encouragement. He is 
also grateful to Professors G.K. Bhagawat of I.I.T., Bombay, 
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J. Das of I.I.T., Kharagpur and B.V.T. Rao of I.A.T., Pune for 
their valuable suggestions. 

This book is written under the University Level Textbook 
Writing Programme of the University Grants Commission and the 
author is grateful to the Commission for providing financial assis- 
tance for the preparation of the manuscript. He wishes to express 
his sense Of gratitude to the authorities of the N.D.A. and the 
Defence Ministry for kindly permitting him to undertake the job. 

He is also grateful to Mr. M.S. Sejwal and Mjs Oxford & IBH 
Publishing Co. for the cooperation extended in bringing out the 
book in a short time. 

The author will gratefully welcome any critical suggestions for 
improving the quality and contents of this book from all users, 


K.J.M. Rao 
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1. Introduction 


In ‘Introduction to Electronics’ physics of the semiconductor 
materials and current flow in semiconductors were discussed in an 
elementary manner. The discussions and results obtained were 
sufficient to understand the, functioning of junction diodes and 
transistors. There are a number of semiconductor devices other 
than the junction diodes and transistors whose functions can only 
be explained on the basis of quantum mechanics. In this chapter 
physics of semiconducting materials and current flow are discussed. 
The discussions are restricted to the results essential to under- 
stand the functioning of the devices and no attempt is made to 
derive the results. 


1.1.1 Schrodinger’s equation and crystal structure 


It is experimentally found that a particle having a momentum 
p behaves as a wave of wavelength h/p and a wave of energy E be- 
haves as a particle of momentum E/c. The electrons moving round 
the nucleus of an atom therefore have wave properties associated 
with-them. Bohr's postulates of atomic theory are found to be the 
consequences of the wave nature of the electron. The electron 
motion is governed by a wave equation first given by Schrodinger 
and is called the Schrodinger’s equation. The Schrodinger’s equa- 


tion is r 
—ġ3 
Evy +Vh = ji (1.1) 
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where m is the mass of the electron, k=h/2z, V the potential energy 
and % is called the wave function. When the above equation is 
solved for % we obtain a wave equation governing electron 
motion. The real part of | ¥2| at any point gives the probability 
of locating the electron at the point and is referred to as the 
probability amplitude. From the solution for 4 the energy and 
momentum of the electron are found. 


1.2.1 Crystal structure 


In a crystal atoms occupy well defined positions, the lines join- 
ing the centres of atoms gives a geometrical structure called the 
lattice. The energy and momentum of electrons in a crystal are 
found by formulating the Schrodinger’s equation for electrons in 
the crystal and solving it. 

Instead of considering a three dimensional lattice and formu- 
lating the Schrodinger’s equation it is convenient to solve the 
Schrodinger’s equation for a one dimensional case and extend the 
results to the real situation in which the lattice extends in the 
three dimensions. For the simple one dimensional case we find 
that atoms are arranged in a row. When an electron is situated near 
an atom it is under the influence of the electrostatic forces due to 
the nucleus and the extra nuclear electrons, as such it has a nega- 
tive potential energy. As the atoms are arranged in a row the 
electron is. located in a region of equidistant potential wells. The 
potential energy V in the Schrodinger’s equation is therefore not a 
constant but a periodic function with a period equal to the Spacing 


between atoms, a. The probability amplitude or the wave function 
is given by the expression 


-=n (kx) exp (ke E t ) (1.2) 


Where u (kex) isa Periodic function in k and x and is called the 
Bloch function. The exponential part of expression (1.2) represents 
a travelling wave along the X-axis. kz which is identified as a Wave 


number in a wave equation is called the wave vector as 
— 2m 2xp. 


P 
à =h =F; ke also represents the momentum along the 
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number & and angular frequency o=E/h. The modulation repre-, 
sents the presence of the electron in the crystal, therefore the 
group velocity of the wave is the particle velocity and can be 
found as 
aw 1 OE 
. api PEOR (1.3) 
The velocity of an electron is thus a function of its energy and 


wave vector k. 
The energy of the electron in a crystal is given by the 


expression 

E=Ey—2Az cos kza (1.4) 
where Eo and As are constants and ks is the value of the wave 
vector along the X-axis. From the expression we find that the 
electron in a crystal can have any energy within the limits Eo— 24s 
and Eo+2Az. Thus the allowed. energies for electrons in crystals 
are spread into bands. In a band the energy increases continuously 
with increase in k as shown in the figure. 


Fig. 1.1. 


All allowed energies for an electron in a band are confined to 
a region in the momentum space bounded by the limits —x/a and 
sja. The limits —n/a and n/a are referred to as the edges of the 
Brillouin zone along the X-axis. Similarly the edges of the Brillouin 
zones along the Y and Z axes are z/b and z/c, where b and c are 
the atomic spacings along the Y and Z axes. When the atomic 
spacings are the same in all directions the wave vector-energy 
diagram is a sphere otherwise it is an ellipsoid. _ 

There are a number of energy levels for electrons in an atom. 
Each energy level spreads into a band. We thus see that in the 
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crystal there are a number of energy bands. The width of a band 
depends on the tightness of binding of the electron, the tighter the 
binding narrower is the band. Therefore the bands due to the 
lower energy states are narrow while the bands due to the higher 
energy states are wide. The bands are separated from one another 
by energy gaps which are referred to as forbidden gaps as there 
are no allowed energy levels within the energy gaps. The bands of 
interest are the energy band -due to valence electrons called the 
valence band and the energy band due to the ionisation levels call- 
ed the conduction band. There are a number of sub-bands in the 


conduction band due to the interactions of the electrons with the 
lattice and electron spin, 


1.2.2 Semiconductors 


The electrical properties of a: material 
the forbidden gap. (In semiconducting 
is about 1 eV.) At absolute zero of tem 


depend on the width of 


diagram for electrons in the 
valence and conduction band are 
drawn. When the X, Y, Z com: 
ponents of the wave vector are 
equal the E—k diagrams for 
electrons in conduction and 
valence bands are parabolas as 
shown in the figure. (The E—k 
diagram for the electrons in the 
valence band is drawn inverted as 
the energy ofthe vacant energy 


4 state is maximum at the lower 
ig. 1.2. edge of the band.) As the: maxi: 
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mum value of energy in the valence band and the minimum 
value of energy in the conduction band occur at the same value of — 
k the semiconducting material is called a direct band gap semi- 
conductor. An electron in the valence band can move into the 
conduction band when it acquires an energy equal to the difference 
in the energies for any value of k. As the momentum in the 
valence and conduction bands is the same direct transition between 
bands is possible. GaAs is one widely used direct band gap 
semiconductor. 

‘The minimum value of energy in the conduction band occurs 
ata value of k other than zero for silicon and germanium as the 


Fig. 1.3. 


components of the wave vector kz, ky and ks are not equal. 
When the minimum value of energy in the conduction band 
occurs at a value of k other than zero the electron transition from 
the valence band to the conduction band involyes a change in 
momentum. in addition to the change in energy. If the electron 
in the valence band is to move into the conduction band it has 
to acquire an additional energy equal to the band gap and also 
an additional momentum equal to the momentum difference jas 
momentum is to be conserved in any transition. The transitions 
from the valence band to conduction band or vice versa are pos- 
sible only when the necessary momentum difference is obtained 
from lattice vibrations. The electron can also move from one band 
to another in a number of steps through allowed energy states in 
the forbidden gap due to impurities and crystal imperfections. 


6 INTRODUCTION TO SEMICONDUCTOR DEVICES 
1.2.3 Effective mass 


As the electrons in a crystal are located in a field of varying 
potential the effective mass is different from the mass of a free 
electron. The effective mass of an electron is found as the ratio 
of the force applied to the acceleration produced by the force. For 


a one dimensional case we found that the velocity is related to the 
wave vector by the expression 


i Ok we 
The acceleration of the electron 


_ dy _1 E oa 
ah et oe (1.5) 
If F is the force on the electron, 


the increase in energy dE 
during a small interval of time dt is giv 


en by the expression 
dE = Fydt= È 2E y 


ðk 
and F=. 2k 
ot 
The effective mass is now readily obtained as 
fate Pal BI 
a = BER (1.6) 


From the expression we find 


We have noted earlier that t 
band goes through a maximum a 
of the 


- The Negative 
movement of the electron Opposite the di 
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1.2.4 Electrons and holes 


In a semiconductor, the forbidden gap separating the valence 
and conduction bands is narrow, of the order of 1 eV. Some elec- 
trons are excited from the valence band into the conduction band 
due to the thermal vibrations. 

When an electron moves from the valence band it leaves be- 
hind a vacant energy state with a positive charge. Moreover as the 
electron moving from the valence band is located at the top edge 
of. the band it has a negative effective mass and its absence in the 
valence band is associated with a positive mass. The vacant energy 
state in the valence band therefore has a positive charge and a 
positive mass. As such it is convenient to assign particle proper- 
ties to the vacant energy state. The vacant energy state is called a 


hole. 
1.2.5 Carrier densities 


Till now we studied the formation of energy bands in a semi- 
conductor. The probability of occupation of an energy state Æ is 
given by the Fermi Dirac function 

F()=——! 


1+exp Ep 


(1.7) 


where Ey is an energy level called the Fermi level, k the Boltzman 
constant and T the absolute temperature. The’ Fermi level is gene- 
rally located in the forbidden gap. At absolute zero of temperature 
the Fermi function has a value unity for energies below Ey and 0 
for energy values above £y, therefore at absolute zero the bands 
below the Fermi level are filled while the bands above the Fermi 
level are empty. 

At temperatures above absolute'zero the probability function 
has a non-zero value for energies above Æy indicating the existence 
of electrons in the bands above the Fermi level. The electrons in 
the valence band are excited across the band gap into the, conduc- 
tion band due to the energy they acquire from thermal vibrations. 
The densities of electrons in the conduction band and holes in the 
valence band can easily be calculated froma knowledge of the 
density of energy states in the bands and the probability of their 


occupation: In ‘Introduction to Electronics’ the densities of electrons 


& INTRODUCTION TO SEMICONDUCTOR DEVICES. 


and holes in the conduction and valence bands are calculated as 


_ 4v2 "kT)8I2 « exp Ht Ee | 

n= kA (xm' kT) exXP— gT \ (1.8) 
= 1 KT}. E—E; | 

p= (nm! kT)?! « exp kT J 


m’ and m” are the effective masses of electrons and holes in the 
conduction and valence bands, E, the energy corresponding to the 
lower edge of the conduction band and EZ, the energy correspond- 
ing to the top edge of the valence band. 

In an intrinsic semiconductor the densities of electrons and 
holes are equal. If it is assumed that the effective masses m’ and 
m” are equal it is clear from the above equations that the Fermi 
level is located at the middle of the band gap. 

The product of the densities of holes and electrons in the semi- 
conductor pn is obtained from the expression (1.8) as 


pn = const. T? . exp EE) 


kT 
—E, 
T 


k 


= const. T? . exp 


(1.9) 
= nê 

- The product pn is a constant depending on the temperature and the 

width of the forbidden gap. It does not depend on thė impurities 


introduced as long as the impurities do not change the width of 
the forbidden gap. 


1.2.6 Doped or extrinsic semiconductors 


i When impurity atoms are introduced in a semiconductor mate- 
rial, energy levels are 


group impurity’ atom 


State easily moves in 
ionised impurity ato 
charged as it lose: 
- contributes an elect 


fifth group impurities 
A third group im 
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above the edge of the valence band and the energy state is readily 
filled by an electron from the valence band as it is located very 
near the edge of the valence band. The movement of an electron 
from the valence band leaves behind a hole. Third group impurity 
atoms therefore introduce holes and they are called acceptor atoms. 
The material doped with third group impurity is referred to as a 
P-type semiconductor. The third group impurity atom in the semi- 
conductor acquires an electron from the semiconductor material 
and as such is negatively charged. 
, We thus see that the introduction of impurities increases the 
density of one type of carrier or another. As the product of holes 
and electrons in a semiconductor is a constant depending on the 
width of the energy gap and’ temperature the introduction of 
impurities results in an increase in the density of one type of 
carrier and a reduction in the density of the other type of carrier. 
The carriers introduced by the impurities are called majority 
carriers and the other type are called minority carriers. The low 
value for minority carrier density is due to added recombination. 
If Na is the donor impurity density, Na the acceptor impurity 
density, p the density of holes and n the density of electrons in a 
sample of semiconductor material we have from the condition of 
charge neutrality 
Nat+p = No-+-n 
n = (Na—Na)+P 
ni? 
= (Na—Na)+ 
Solving the quadratic in n we have 
n = Ve Nd tV Wa Na)? HAr? 
= or 
==(Na—Na) when (Na— Na) > n: (1.10) 
_ The electron density in the N-type semiconductor equals the 
difference in the donor and acceptor impurity densities when they 
are large compared to the intrinsic density, 7. 
Similarly the hole density in a P-type semiconductor is given 
by the expression $ 


PEF (Na—Na) (1.11) 
1.2.7 Location of the Fermi level ina doped semiconductor 


We found that the Fermi level is situated at the middle of the 


10 INTRODUCTION TO SEMICONDUCTOR DEVICES 


‘band gap in an intrinsic semiconductor as the hole and electron 
densities are equal. When the semiconductor is doped the carrier 
densities change, consequently the position of the Fermi level also 
changes. The shift in the position of the Fermi level can easily be 
related to the majority carrier density in a doped semiconductor if 
if is assumed that the addition of impurities do not affect the 
densities of energy states in the conduction and valence bands. 

If N, is the density of states in the conduction band and Ne 
the density of states in the valence band, we have for an intrinsic 
semiconductor 


n= N, exp fuk 
p= N, exp eet 


where Ey; is the energy associated with the Fermi level in an in- 
trinsic semiconductor. ' 


As n = p for an intrinsic semiconductor we have from the 
above expressions 


Neo wukE 
If Eyn is the energy associated with the Fermi level in an 
N-type semiconductor having an electron dénsity n we have 


Eyn—E, 


and 


n= expt En 1 


E i= Erp 
T 


For a P-type semiconductor L (1.12) 
| 
p =n; exp—! 
k J 


ae in the Fermi level is generally associated with a potential. 
o a En are clectron energies in eV we can associate 4 
P alẹ so that it represents the shift in the Fermi level from 
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: Esn—E, 
the mid band or intrinsic level. The potential | ¢ | eal ais 
On substitution in expression (1.12) we have 

D dn 
n = m exp T 
kT n 
and lnl = z n- 
Similarly for a P-type semiconductor 
Ihol = in 2 (1.13) 
A q n 


Fig. 1.4. 
1.3.1 Current flow in semiconductors 


The charge carriers, holes and electrons are in random motion 
within the semiconductor due to thermal vibrations. When a 
potential difference is applied to the ends of the semiconductor the 
charge carriers are acted on by a force due to the electric field 
and a bulk motion is superimposed on the random motion of the 
charge carriers. This bulk motion of the charge carriers due to the 
electric field is called drift. 

The relation between the electric field and the velocity of bulk ` 
motion of the charge carriers involves the study of the random 
motion. Instead of considering motion of individual charge carriers 
we can consider their bulk motion. The charge carriers may be 
assumed to travel in straight lines between collisions and lose all 
their momentum at a collision. If t is the mean free time, a charge 
carrier suffers 51/2 collisions in a time òt. The number of collisions 
suffered by N charge carriers in a time 3 is therefore N (8t/2). The 
charge carriers gain momentum from the field and lose it in colli- 
sions. Assuming that the charge carriers have a momentum pz along 
the X axis, the momentum lost in time 8¢ by the charge carriers in 
collisions is Npz 8¢/f. The momentum change Spz = (Npe 8/2). 
Equating the rate of change in momentum to the force on the 
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charge carriers due to the electric field we have 


-NgE Ža = =y: 
Pz = qE (1.14) 


If ve is the average velocity per charge carrier the average momen- 
tum pz = m'Ve, where nr is the effective mass of the charge carrier. 
From the above expression we obtain the relation 
Ye = GEt/m' (1.15) 
The factor g#/m’ is called the mobility of the charge carrier (u) and 
- we have the relation 
Ve = BLE (1.16) 
The mobilities are different for holes and electrons as the 
mean free times # and the effective masses are not the same. The 
drift current densities of holes and electrons can easily be written 
down as 
Jo = QPbsE 
Jn = qnen E (1.17) 
where p and n are densities of holes and electrons and #p, un their 
mobilities. The conductivity of a sam 


ple of semiconducting mate- 
tial is obtained as 


S=4(Hyp+ unn) (1.18) 


If the semiconductor is doped, the current carried by the 


minority carriers is negligible and we have the conductivities of N- 
and P-type samples 


Sn = unn 
Sp = qyp 


1.3.2 Variation of mobility with field Strength hot electron effect 
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thermal equilibrium with the lattice the electron velocity is no longer 
proportional to the field intensity. It is found that at high fields 
the electron velocity reaches a constant value of 105 met/sec called 
the scattering limited velocity. The relation, between velocity and 


the field strength is shown in Fig. 1.5. 


1P 


iil 


MET/SEC 


0,0 pate 
Fig. 1.5. 


1.3.3. Temperature dependence of mobility 


The mobility of a charge carrier is found to be directly pro- 
portional to the mean free time ?. The temperature dependence of 
mobility therefore is related to the scattering mechanisms in the 
crystal and their effect on the mean free time. Two types of scatter- 
ing are present in a semiconductor—lattice scattering and impurity 
scattering. The lattice scattering represents the interaction of the 
electron with the lattice vibrations also referred to as an electron- 
phonon interaction. The mean free time for electron-phonon 
interactions depends on the thermal velocity of the electron and 
as the velocity increases with increase in temperature the mean 
free time decreases. The mobility arising out of lattice scattering 
decreases with increase in temperature. It is found that the mobi- 
lity due to lattice scattering # varies as T~9/?. 

The impurities present in the semiconductor are ionised and the 
ionised impurities deflect the charge carriers. The mobility due to 
impurity scattering p: depends on the time a charge carrier spends 
near an ionised impurity, as such x, is inversely proportional to 
the velocity of the charge carrier. p is found to be proportional to 
T3'2. The resultant mobility due to lattice and impurity scattering 
mechanisms can be written down as 
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2 oly (1.19) 
B Ki Fi 
The mobility + is controlled by lattice scattering at high tempera- 
ture and by impurity scattering at low temperatures. Even though 
it is theoretically proved that the mobility varies at 7-3/2, experi- 
mentally it is found to vary as T7188 and T-2383 for N and P-type 


germanium and as T~1 and T7%1 for N and P-type silicon. 


1.3.4 Diffusion 


A process which is unique for semiconductors is diffusion 
where charge carriers diffuse from regions of higher concentration 
to. regions of lower concentration. The diffusion of charge carriers 
results in a current called diffusion current. 

To understand the mechanism of diffusion consider a situation 
where the density at a particular point A ism. As the carriers are 
randomly moving it can be assumed that half the number of 

carriers are.moving to the right 

X “ and half the number to the left. 
A A A The same happens at all points 
and the. riumber of particles 

moving through unit area is zero 

if the concentration is uniform. If 

the concentration is different at 

different points there is a net flow. 

To find the number of carriers 

moving through unit area in unit 

time consider two sections 4’ and 

tt se 4 => A” on either side of A at a dis- 
n tance equal to the mean free path 


Fig. 1.6. ‘I’. The distance is chosen as the 
mean free path so that we can assume that the particles moving 
from A’ and A” move through A without suffering a collision, If 
nı and m are the densities at A’ and A” the number of particles 
crossing unit area of the section A in unit time is nəv towards 
the left and 4mvz, towards tight, where vi is the thermal velocity. 
The net flow per second or the diffusion tate=% (m—n2)- vnw riting 


m=n—— .]; 
Ox 
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and na=n+ wee l 
Ox 
The diffusion warrant gee (1.20) 


ox 

The rate of diffusion is proportional to the concentration 
gradient and the constant of proportionality Jv is called the 
diffusion constant D. The minus sign indicates that the carriers 
diffuse from regions of higher density to regions of lower density. 
The diffusion constant 

D=lvin 

If Z is the mean free time van=l/E and D=/2/t.. The units of D 

are met2/sec. The diffusion constant can be related to the mobility. 


. t 
We have found earlier that ii 


Ly ant 
em! en? 
q 
=kT/q (1.21) 
as m’vin?=kT. à 
The above equation is called the Einstein’s equation. The 
diffusion current densities for electrons and holes can now be 
written down as 
Jn=qDn* Vn 
J»=—4D»' Vp 
Dn and D, are the diffusion constants for holes and electrons. 


1.4.1 Carrier generation and recombination 


Two physical processes which are ‘of great importance in the 
operation of semiconductor devices are carrier generation and 
carrier recombination. It was stated earlier that an electron in the 
valence band moves into the conduction band leaving behind a 
hole in the valence band when it acquires an energy equal to the 
band gap. Electrons in crystals continuously move from the valence 
band to the conduction band deriving the necessary energy from 
thermal vibrations. This type of carrier generation is called thermal 
generation. Electrons also move into the conduction band from 


valence band when they receive energy in the form of light. The 
generation of carriers by light is called optical generation which 
will be discussed in detail under opto-electronic devices. Alongside 


carrier generation there is an inverse process called carrier recom- 
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bination. Under thermal equilibrium conditions the generation 
Tate g is equal to the recombination rate r and the carrier densities 
remain constant. The recombination rate or the number of carriers 
recombining per second in unit volume is Proportional to the pro- 
duct of the densities of electrons and holes. The recombination rate 
r = «np (1.22) 
when « is a constant. 
If no and po: are the densities 
thermal equilibrium conditions the 
generation rate, and 


of electrons and holes under 
recombination rate equals the 


r = anp =g (1.23) 


1.4.2 Radiative recombination 


instant of time can be found as foll 
The net recombination rate for electrons in the sample 
dnļdt = Om (no+An) (po+Ap)—g 
= &,(n9+An)( Pot Ap) — sn pono) 
pha =an(nAp+poAn+AnAp) 
deen deinen aea Phen ‘the increase in electron and hole 
Rivas Suestannny to the thermal equilibrium values 
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it can be assumed that the majority carrier density remains constant. 
The change in minority carrier density with time is important and 
we have 
dn/dt = a,po.An (for a P-type semiconductor) 
and dpldt = «pno.ôp (for an N-type semiconductor) 
From the above equations we can write the expressions for 
minority carrier densities as functions of time 


bn = An exp — (1.26) 
3p = Ap exp — (1.27) 
Tp 
where Tn = „po and ty = &pno; Tn and 7, are called radiative life 


times for electrons and holes respectively. 


1.4.3 Non-radiative recombination 


The electrons from the conduction band even when they move 
to the valence band may not emit energy in the form of light. The 
energy released instead of being emitted as light is absorbed by 
another electron and lost to phonons. This type of recombination 
is called the Auger process. 

The most common recombination process in a semiconductor is 
by way of energy states in the forbidden gap introduced by impuri- 
ties and crystal imperfections. An energy state within the forbidden 
gap may receive an electron from the conduction band and the 
electron falling into the energy state may return to the conduction 
band after some time. When this happens the energy state is called 
an electron trap as the electron is temporarily removed from the 
conduction band. Similarly a filled energy state within the for- 
bidden gap may lose an electron temporarily to the valence band, 
when this happens a hole is removed from the valence band. The 
filled energy state is a hole trap. If the electron from the electron 
trap instead of returning to the conduction band moves into the 
valence band, a hole is removed and the energy state is referred 
to as a recombination centre. 

The kinetics of recombination was worked out by Shockley and 
Read on the assumption of existence of single energy states with 
energy E(t) within the forbidden gap. An electron in the conduc- 
tion band moves into the energy state when it approaches the 
state, as such we can associate an area. Gn, called capture cross 
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section for the electron. If v; is the mean thermal velocity of 
electrons, an electron sweeps out a volume ont; in one second. It 
falls into a trap if a trap is located in the volume. The number of 
electrons falling into traps in one second or the capture rate R, is 
the product of the number of vacant traps in a volume o,, and 
the density of electrons in the conduction band. The density of 
vacant traps is given by the expression N(t)L(1—F(t)], where N(t) 


is the density of traps and F(t) the Fermi probability function for 
the trap level 


F(t) = ] (1.28) 


The capture rate 

Re = N(MI—Flt Jonvin (1.29) 

The electrons in the traps are also in random motion and they 

return to the conduction band when a vacant energy state is 

available within a volume o,¥,. the number of electrons returning 

to the conduction band in one second or the rate ‘of emission R, 

is the product of the density of electrons in the trap levels N(t)F(t) 

and the number of vacant energy states in a .vyolume o,», of the 

conduction band. If N(c) is the density of states within the con- 

duction band F(c) is the Fermi probability function for the conduc- 

tion band, The density of vacant energy states in the conduction 

band is N(c) [I—F (c)] and the rate of emission 

Re = N(t) F(t) N(c) [1--F(e)] ony; (1.30) 

Under thermal equilibrium conditions the rates of emission 

and capture are the same and n = no. From expressions (1.29) and 
(1.30) we find 

1— F(t) 
F(t) 
Eı— E; 
kT 


N(c) [1 — F(e)] 


ll 


nos 


= m > exp 
Using expression (1.12) we have 
NO UFO] = nyexp Ee 

onduction band is more 
et capture of electrons by 
ns is 

Ra = Now [ UF) nF n eap Š-E ] (1.32) 

i 


(1.31) 


When the-electron density in the c 
than the equilibrium value there is n 
traps and the net capture rate for electro: 
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Similarly the difference between the holes captured by traps 


and the holes emitted from traps in one second or the net capture 


rate for holes can be found as 
Re = NODo Í PFO -U— FU n exp E } (1.33) 


As the holes and electrons are recombining via traps the net 
capture rates for electrons and holes are the same. Equating Rp 


and Rn we have 


Onn+Gy * Ni eXP fe 


as p+n exp Ei )+on( nn exp SF ) 


Substituting the value of F(t) from expression (1.34) in (1.32), 
we find that the recombination rate 
R= N(t) op¢nv1 (pnn?) (1.35) 
os| ptm exp mrk Jte [ n--ng exp EF] 
Aes kT z kT 
The recombination rate is maximum when the trap level is 
situated at the middle of the band gap. The maximum recombina- 
tion rate is therefore obtained by setting E: = Ei 
N(t) op¢n (pnn?) : 
ee a a A 1,36 
Gp (ptr) + oal(n+n:) aag 
For an N-type semiconductor if An 
we have 


(1.34) 


F(t) = 


is the excess carrier density 


n = notAn 
p = potAp 
charge neutrality is maintained. Substituting 


and Ap = Anas the 
and neglecting the terms in po in comparison 


the values of n and p 
to terms in no and 7 as 

po<niXno we have 

noAp 
R = N(t) o: * Toten” 
on, i.e. when the excess carrier density is small 
he majority carrier density 
R= N(t) ox: © Ap 

The minority and majority carrier densities decrease due to re- 

combination. As the excess carrier density is small compared to 
the majority carrier density the fractional change in majority canes 


For small injecti 
in comparison with t 
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density is negligible compared to the majority carrier density. The 
Tate of recombination of minority carriers is Proportional to the 
excess minority carrier density. The ratio of the minority carrier 
density to the rate of recombination 


Ap 1 
R ONG) oar gam 


Nü or, has the dimensions of time and is referred to 


as the life time of holes in an 
minority carrier life time in an 


z ÂP _ Pa—Pn, 
pe R 
d =Pn 
or aree (1.38) 


where pa is the densit 
minority density, 


Similarly for a P-type semiconductor. 


y of holes or Pno is the thermal equilibrium 


= Ahi 
Z dnjdt 
dn nəhs 
and a= Eaa (1.39) 


1.5 Surface Recombination 


iiti > : 
Ah sles ae imbine not only in the bulk of the Semiconductor 
t surface. The recombination at the surface of the 
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Semiconductor is due to recombination centres appearing at the 
surface. The density of recombination centres at the surface depends 
on Surface treatment. When surface recombination occurs carriers 
diffuse from the bulk towards the surface and recombine. The 
Surface recombination current is proportional to the difference 
between the density of the carriers at the surface and the equili- 
brium density. If J, is the recombination current density due to 
holes recombining at the surface 


4> œ (ps—po) 
where p, is the density of holes at the surface and pọ the equili- 
brium value in the bulk. 
Or = Jy = s (Ps—po) (1.40) 


where s isa constant. The constant s has the dimensions of velo- 
city and is referred to as the surface recombination velocity. 


. Similarly for electrons we can write 


+ Jn = —S (n—no) (1.41) 


The surface recombination also follows the Shockley-Read 
mechanism as in the case of bulk recombination. 


1.5.1 Continuity equation 


The carrier densities within a semiconductor change due to 
recombination and current flow. The time rate of change of carrier 
density at a point in the semiconductor can easily be found in 
terms of the current and the life time. The expression for the time 
rate of change in carrier density is called the continuity equation. 
If we consider unit volume of a semiconductor having a hole den- 
sity p, we find that some of the holes are lost due to recombination 
and the holes moving out of the volume constitute the hole current. 
The time rate of change in hole density at a point is the sum of 
the recombination rate of holes and the rate of hole flow due to 
the current. If p is the hole density at a point and po the equili- 
brium density in the semiconductor the ‘rate of recombination is 


PZP. The number of holes moving out of unit volume in unit 
Tp 
anil ‘he 

time or the rate of hole flow out of the volume is qv» who 


6.0.5 R.T, W.B. LIBRARY 
Date 3. \Q. 48 
0. Aer 


Ace 
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Jy is the current density. The time rate change in hole density is 
now obtained as 
Fum Ly a (1.42) 
J», the current density, is due to drift and diffusion, as such it 
can be written as 
J» = qHspE—qD,Vp (1.43) 


Considering a one-dimensional case and substituting the value 
of J, from expression (1.43) into (1.42) we obtain 


Be oy ME ih . Ëp 
“dt TT Ty, BaP * ge My Ey TD dx? (1:44) 


If it is assumed that the space charge neutrality is maintained 


within the semiconductor the field terms disappear and we have 
dp __P—-p d?p 
CA ae pi TT (1.45) 
Similarly for electrons we find that 
dn n—n , an 
a cher we 


1.5.2 Carrier density profile —diffusion length 


_When thé excess densit intained constant at a point in a 
semicond i 


ray from the point due to diffu- 


S becomes 
-a y {2 
Or ti. E 
Tp FD, dx? 


Solving the equation we have 


P= Cexp 


_ Writing VD, = i 


? = C exp Y. 
I p È; 
As 3p = dp, at a = 0, C=, 
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and 3p = p1 exp -F (1.47) 
? 


Similarly for electron 


èn = 8m exp y where La= y Dan 
n 


The excess density decreases exponentially with distance according 
to the expression (1.47). Lp is the distance at which the excess 
density falls to 1/e times the value at x = 0 and it is referred to as 
the diffusion length. The diffusion length depends on the life time 
and the diffusion constant, when the life time of the charge carriers 


is very small the diffusion length is small. 
Important Formulae in the Chapter 
Effective mass of an a 
Fermi function i 
E o en 
1+exp oe 


Carrier densities. Doped semiconductors 


n= ni * exp ite 
p = ni * exp =i : 
h= AP in J 
$= 4f ln 2> 


$n and $y are the shifts in Fermi level. 
Conductivity of a semiconductor material 


q (ngn+Pë») 
Einstein’s relation 


D KT 
e q 
Recombination rate 


N(t) GpSnve (pn—n:?) 


R=- 5 
o ( pn exp =) -i On (nn exp EFi ) 
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=NiSp + v, Ap for holes 
=Nion + ve + An for electrons 


Life times 
pta En. ifor holes 
‘2? dpldt 
Np—Nyy 5 
= for electrons 
dn/dt i S 


Surface recombination 


{H = App) 
1 

ai = —s(n—no) 
s is the recumbination velocity. 


Continuity equations 
2 
A __ P=», dp 
‘> 


dx? 
dn n— no d?n 
d a TO dx? 


Carrier density profile 
èp = òm exp (—x/Lp)" 
ön = 8m exp (—x/Ln) 
Eam V Drt "L= V Datn 


Problems 
1. Distinguish between a di 
an indirect band gap semic 
2. What is meant by effective 
in a band and explain why 
take part in electric conduction. 
3. What factors lead to the conclusion that a vacant 
state has Properties of a particle? 


onductor. 


4. Derive an expression relating the shift in the Fermi level 
and the carrier density in an extrinsic semiconductor, : 

5. On what factors does the mobility of an electron depend? 
What is a hot electron? 

6. 


rect band gap semiconductor and 


mass? Evaluate it for an electron 
electrons in narrow bands do not 


tween mobility and diffusion 
constant. 
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Distinguish between radiative and:sion-radiative recombina- 
tion in a semiconductor? 

What is meant by surface recombination velocity? On what 
factois does the surface recombination depend? 

Prove that the rate of recombination-is proportional to the 
excess carrier density (Shockley Read. Theory). 


2. Junctions 


A junction of P and N semiconductors has some very ret 
ing and useful Properties and semiconductor he gah se 
of several devices. In this chapter we discuss in detail the prop 


ties of junctions. A brief mention of different fabrication methods 
is also given. 


2.1 Fabrication of Junctions 


P-N junctions are formed in three different ways: alloying, 
diffusion and ion implantation. 

In alloying, a third group impurity, indium is placed on an 
N-type Semiconductor wafer and is heated in an atmosphere of 


hydrogen to about 160°C. At this temperature indium melts and 
the impurity atoms 


compensating the semiconductor. The semiconductor is changed 
to P- ms penetrate. On cooling 
vided P and N regions. The 
rly methods of fabrication, 

modern methods of fabrica- 
facturing integrated circuits. 
tge number of devices simu- 
type silicon is heated to about 1000°C 
a high concentration of third group 
At this high temperature boron-atoms 
OF Overcompensating it, 


The junctions y 
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formed by this process are graded as the change from P-type to 
N-type occurs gradually within a short distance. 

In ion implantation third group impurity ions are accelerated 
to high velocities and are made to strike an N-type semiconductor 
slab. The impurity atoms penetrate the semiconductor changing it 
to P-type. The implantation can be done up to different depths by 
controlling the velocity of the striking ions. It is also possible to 
implant impurities at different depths. This technology is being 
developed and interesting results are expected. 


2.2 Band Diagram of a P-N Crystal—Barrier Voltage 


The band diagram indicates the top edge of the valence band 
and the lower edge of the conduction band, the edges of the bands 
are horizontal in the absence of an electric field indicating the fact 
that the energy of the electron does not change from point to point 
within the semiconductor. The band diagrams for P and N semi- 
conductors are given in the last chapter. To draw the band diagram 
of a P-N crystal we make use of the fact that there cannot be any 
current in an isolated junction. As the current in a semiconductor 
can be due to drift and diffusion the current density equations are 

Jn = UennE+-qD,, grad n } (2.1) 
Js = qtypE—qDy grad p ` 

The current densities can be zero only when the two compo- 
nents of the current are equal and opposite. (The diffusion com- 
ponent has a definite value as the concentration of charge carriers 
changes across the junction.) For a one-dimensional case we can 
write 

0 = pnnE+Dn + (dn/dx) (2.2) 
0 = pypE—Dy, + (dp/dx) i 

The densities of electrons and holes at different points in the 
crystal depend on the energy difference between the Fermi level Ey 
and the mid band energy £;. From the expression (1.12) we have 


for electrons 
Er— Ei 


n = m exp -FT (1.12) 
dn n_[ OE; E, 
and TEF ax Ox ) (2.3) 


Substituting the value of dn/dx from expression (2.3) in 
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expression (2.2) we have after making use of the Einstein’s relation, 
D = pkT/q 
1 / OE; DE: 
a (ee) vii 
The potential ¢ at any point in the crystal is related to the 
energy by the equation, ¢ = (—£,/q) as such 1/g » (0£;/0x)= 
—(8¢/dx) and is equal to the field intensity E. Writing E for 
1/q* (@£;,/8x) we find that for an isolated P-N crystal 
1 OE; 
a a 0 (2.5) 
We can therefore conclude that the Fermi level is invariant in 
a P-N crystal under the thermal equilibrium conditions. 
Having concluded that the Fermi level is invariant we can 


draw the band diagram for the P-N crystal thus. 
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Fig. 2.1. 
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As the P-N junction is isolated there is no current and hence 
there is no bulk movement of the charge carriers in the P and N 
regions. Therefore there is no electric field in the bulk semicon- 
ductor regions on either side of the junction. This enables us to 
draw the bands horizontal in the bulk regions. Within narrow 
regions on either side of the metallurgical junction the bands are 
bent indicating the existence of an electric field. Due to the electric 
field the mobile carriers, holes and electrons are moved away ex- 
posing the fixed impurity ions. The region is referred to as the 
depletion layer or depletion region. Further calculations are made 
on the approximation that there are no mobile carriers in the 
depletion region. 

The bands on the N side are depressed relative to the bands on 
the P side. This represents existence of a potential difference bet- 
ween the N and P regions. This potential difference is referred to 
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as barrier voltage, diffusion voltage or contact potential. This 
barrier voltage is not measurable by a voltmeter because when a 
voltmeter is connected to measure the barrier voltage, contact 
potentials, at the points where contacts are made, neutralise the 
barrier voltage. The barrier voltage can however he calculated from 
the energy difference between the mid band energies on the W and 
P sides. The energy difference between the Fermi level and the mid 
band depends on the doping level. Equation (1.12) gives the 
relation between the energy difference and the doping level. 

We obtain from expression (1.12) the energy difference bet- 
ween the Fermi level and the mid band energy En on the N side as 


En—Er =kT In 2 = kT In ae (2.6) 
i i 
where Na is the donor density on the N side of the crystal. 
Similarly 
Er—Ep=kT In Peoxr in, Ne (2.7) 


Ni 
where Na is the acceptor Fen on the P-side. The energy differ- 
ence between the mid-band energies on the P and N sides can be 
obtained from expressions (2.6) and (2.7) as 


Ep— E, =—kT In Maths. (2.8) 
i 
The barrier voltage 
Vp = —(Ey—En) i Fin Li (2.9) 


q 
For a one-sided Ept ubie Prt one side is heavily doped 


b a me we HE, 
e Aa eae 
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it can be assumed that the Fermi level coincides with the band edge 
on the heavily doped side. The band diagrams of one-sided step 
junctions and the barrier voltages are given in Fig. 2.2. 

The barrier voltage calculated above exists across the depletion 
-layer and it depends on the doping levels. 


2.3.1 Depletion layer 


The depletion layer consists of ionised impurity atoms on 
either side of the metallurgical junction. Even though the mobile 
carriers flow through the depletion layer the concentration of the 
mobile carriers at any point within the depletion layer is negligibly 
small compared to the impurity concentration and we can assume 
the region to be completely depleted. The impurity concentration ` 
changes abruptly at the metallurgical junction ‘for a step junction 
while it changes rapidly from acceptor to donor in a graded junc- 
tion. In either case ‘we have space charges on either side of the 
metallurgical junction as indicated in Fig. 2.3. 


fg 
P N 
W DEPLETION 


LAYER 
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ee ttt 


Fig. 23. 


The opposite charges on either side of the metallurgical junc- 
tion constitute a capacitance which can easily be calculated as 
follows. 


2.3.2 Capacitance and width of the depletion layer 


If A is the sectional area of the junction and W the width of 
the depletion layer the capacitance of the depletion layer is given 
by the expression ð 


cA 


c= (2.10) 
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where e is the permittivity of the material. 

When the voltage across the depletion-layer changes there is a 
change in the width of the depletion layer and additional charges 
appear due to the widening of the space charge region. If 8V is the 
change in the voltage the additional charge on the capacitor is C8V 
and as it is due to widening of the space charge regions we can 
write for an abrupt junction 

O=C38V=AqNa + 8Xn=AqNa * 8Xp 
where Na and Na are the densities of donors on the N side and 
acceptors on the P side; 5x, and 8x, are distances through which 
the depletion layer spreads on the N and P sides. The total in- 
crease in the width of the depletion layer 


Wath ine ol (È +L) 


Aq \Na 

dW (Aggy th. 

aw Ale +H, ) Net i 
Differentiating expression (2.10) with respect to V we have 

dc Ae dW 

dV We dV 

Pp” dW ; si 

Substituting the value of WV from expression (2.11) 

dC — —Ce 1 1 2.12 

W- w (NTT) Qaa 


Substituting the value of W from expressions (2.10) and (2.12) 
and integrating we have 


c 1/2 


The width of the depletion layer can easily be found from ex- ° 
pression (2.10) 


£ 1/2 
w=[% . wee | . pil (2.14) 


The extents to which the depletion layer exists on the P and N 
sides xp and Xn are such that equal charges are uncovered on 
either side. The distances xpand x, are therefore related by the 


expression 


Na* Xn=Na * Xp 
If one of the regions is heavily doped as compared to the other, 
the extent to which the depletion layer extends in the heavily 
doped region is negligible compared to the extent to which the 
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depletion layer extends in the less doped region. Junctions in which 
one side is heavily doped are referred to one-sided junctions and 
are written down as P+N or PN+ junctions, plus sign indicating the 
heavily doped region. For one-sided junctions we can assume 
- that the depletion layer exists on one-side of the metallurgical 
junction. i 


For a PN+ junction Na > N, and expressions (2.13) and 
(2.14) reduce to 


a qN, 1/2 
c=a( Se ) (2.15) 
eV \1/2 
w= (24) (2.16) 


The maximum field intensity within the depletion layer can’ 
easily be calculated in terms of the doping densities by using the 
Poisson’s equation. Applying the Poisson’s equation to the dep- 
‘letion layer on the N:side we have 


“a. em 


as the charge density in the space charge region on the N-side is 
9Na. Integrating the expression we have 

dv 
dx 
The value of the constant in the above equation is found using the 
fact that there is no electric field in the bulk semiconductor. If 


the width of the depletion layer on the N-side is x, the constant in 
equation (2.18) is (—qNa + Xn)/e. 
The field intensity i 


me qNax 
i € 


= — + constant (2.18) 


nereases linearly from zero value at the edge 
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of the depletion fayer to a maximum value at the metallurgical 
junction. The maximum value of the electric field 
—qNa* x, 
En = 13 -*= (2.19) 


€ 

The minus sign indicating the fact that the field is directed 
from N-side to the P-side (negative X direction). 

As the field is increasing linearly with distance we can easily 
find the potential drop across the depletion region on the N-side as 
the product of the average field and the width of the depletion 
layer on the N-side 


5 
Il 
hy 
i 


- Xy (2.20) 


Similarly the potential drop across -the depletion layer on the 
P-side 


Vy = fn n (2.21) 


The voltage across the junction is the sum of the potential 
drops on the P and N sides as such 


V=Vn +V = XnH Xp) 


En 
ee ey 
2 Vv 
The maximum field intensity 
E 27 
a Ww 
Substituting the value of W from expression (2.14) we find that 
E= 8e Mai ENa ji NUE (2.22) 
For a one-sided junction 
ja | R ie yar 2 
n= N ON, à (2,23) 


2.3.3. Graded junctions 


The junctions fabricated by modern techniques are all 
graded as diffusion processes are used in the fabrication When 
impurities are diffused at high temperature the impurity concentra- 
tion in the crystal follows an error function. However, for ease in 
analysis, we assu.ne the concentration to vary linearly. Due to 
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Fig#2.5; 


linear variation of impurity concentration the depletion layer ‘is 
symmetrical about the metallurgical junction. 

Let us consider a case where the gradient of the concentration 
is ‘a’ (units of a are met’ 4) so that the charge density at a distance 
x from the metallurgical junction is qax. Applying the Poisson’s 
equation we have j 


a= = (2.24) 


Integrating the above expression and making use of the fact that 
the field becomes zero at the edges of the depletion layer we find 
that the field intensity at a distance x from the metallurgical 
junction is given by the expression 

pa, gee (2.25) 
2e 8e 

The field intensity within the 
depletion layer is plotted as a func- 
tion of distance in Fig 2.6. 

The field intensity reaches a 
maximum value at the metallur- 
gical junction and the maximum 
value is given by the expression 


En i a (2 26) 


The barrier voltage can be 


4 A found in terms of a and W 
by integrating expression (2.25) between the limits —W/2 and 
+W/2 as 


Fig. 2.6. 


— _gaws 
V, “er (2.27) 
The donor and acceptor densities at the outer edges of the 
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depletion layer are Na = Na = aW/2 and the barrier voltage can 
also be obtained in terms of the impurity densities using the 
expression as 


V, = _ AT, Na a 
q. ny 
2kT | aW 
he oe In Bie (2,28) 


Eliminating W from expressions (2.27) and (2.28) we obtain 
Ne pO a f 12h, |" 
Ve = A In In {ae } (2.29) 
The solution of the above equation gives the value of the barrier 


voltage. The equation is solved and a graph is drawn showing the 
relation between barrier voltage and carrier density gradient. 


26 27 4 28 to 
10 10 A 42 40 
ainmet 
Fig. 2.7. 


2.3.4 Capacitance of a graded junction 


The capacitance of the graded junction can be easily obtained 


by writing N,=N,=aW/2 in expression (2.12). After the substitu- 


tion we have 
dC —4C 


dv Wqa 
Substituting the value of W from the expression C= Ae/W we 


(2.30) 


have 
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dC —4c4 
‘dV ~~ qae 
Integrating the above expression we have 
ea) ee (2.30) 
Alternatively we can find the capacitance using the formula 
Gs Ae 
W 
and substituting the value of W from expression (2.27) 
iy gae Nue. 1/3 2.30 
c=4( 3 ) 4 (2.30) 


It is illustrative to note that the capacitance of an abrupt 
junction’ varies inversely as the square root of the voltage while the 


capacitance of a graded junction varies inversely as the cube root of 
the voltage. 


2.4 Current Voltage Relation—Shockley Equation ` 


When a voltage is applied to a P-N junction it gets trans- 
ferred to the depletion layer as the potential drops in the bulk 
semiconductor on either side of the depletion layer are negligible. 
If the applied voltage is in the same direction as the barrier voltage 
the junction is said to be reverse biased. If the applied voltage is 


Opposite in direction to the barrier voltage the junction is said to 
be forward biased. 


When a junction is biased the c 
edges of the depletion layer are changed and the variation in the 
carrier densities can be found from the expression (2.9) which is 


applicable to an unbiased Junction. If ppo, npo are the densities of 
holes and electrons on the P side and Dost 


arrier densities at the outer 


no the densities of holes 


and electrons on the N side we have Na=Nn, Na=py and 
N? =P yoM po=DnoMnos 
On substitution in equation (2.9) we find that 
Ny0=Nno EXP, =m 3) 
p (2.31) 
and Pno™= Pp exp ie ; 


voltage across the depletion 
layer becomes V,--v for reverse “bias and’ V,—» for forward bias. 
a change in the majority and 
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minority carrier densities on either side of the junction. For small 
applied voltages the change in the majority carrier density is 
negligible compared to the majority carrier density and it can be 
assumed that the majority carrier density remains constant: .The 
minority carrier densities on either side of the depletion layer-are 
given by the expressions 


=a (PE i 
Np=Uno EXP OED ge exp +i } 
_ > Fg ? (2.32) 
Pn=Pno EXP -T J 


When the junction is reverse biased the exponential term be- 
comes almost zero even for a small reverse voltage asàk T/g is about 
26 mV at room temperature, consequently the mihority carrier 
densities on either side of the depletion layer fall to almost zero 
values. A reverse biased junction is said to collect minority 
carriers, When the junction is forward biased v is negative and the 
minority carrier densities on either side of the depletion layer 
increase to large values. A forward biased junction is said to inject 
minority carriers. 

As the voltage across the junction is maintained constant the 
minority carrier densities on either side of the depletion Jayer are 
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maintainea at values other than equilibrium values. The minority 
carrier densities return to their equilibrium values at a distance 
from the edge of the depletion layer due to diffusion and carrier 
generation or. recombination. The carrier density profile in the 
presence of diffusion and recombination was derived in the last 
chapter. The excess hole density at a distance x from the edge of 
the depletion layer on the n side and the electron density at a dis- 
tance —x from the edge of the depletion layer or the p side are 
given by the expressions 
Sp=Sp1 exp A } 
x 
Tes 
The excess hole and electron densities at’ the edges of the 
depletion layer, 8p1, and 8 can be found from expression (2.32) as 


(1.47) 


6n=8m exp 


Paso (exp SE } (2.33) 
Bm1=My—Myo=na( exp a =] j 


; Substituting the values of 8p and 8m from expression (2.33) 
into (1.47) we obtain 


Brn (exp F 1) exp | 

p 
pa Fp = ia (2.34) 
N=nĦħ»o | exp ET —1) exp T) 


‘ From the expressions for the profiles of excess densities the 
diffusion current densities can be obtained as 


TE gD spn Far 
Jp qD, FENE = phe ( expe -1) (2:35) 
dn D ‘i 
=qD, SH GDN po E 
Da dx |x=0 FE vn Ore -1) (2,36) 


Reverse bias 
When the junction is reverse biased v is 
reverse current density is given by the expression 
; D. D, 
poe (2 PPno , IDntyo ) =w 
Te ar ie exp kT ~1) 


for large values Of the reverse voltage exp = can be neglected 
1 


Positive and the 


in comparison with 1 and we have 
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J =( aD» Pno , IDn Noo ) 
= É; 


F (2.37) 


The reverse current according to the above expression is 
independent of the voltage and it is generally referred to as reverse 
saturation current. The reverse current shows a small increase with 
voltage due to carrier generation within the depletion layer and 
surface effects which we will be discussing in a later section. 


Forward bias 

When the junction is forward biased the minority carrier 
densities on either side of the depletion layer increase to large 
values and 8p; and 8m have values 


; } 
S1= Pol exper = 
Bm=Moo expe -1) j 


The carrier density profile for a forward bias is given by the 
expressions 


(2.38) 


qv —x. q 
3p=Pno | expr -1) exp—— | 
( er 5z (2.39) 
Sn=N50 ( exper = 1) exp 
The diffusion current ‘densities can now be obtained from 
expression (2.39) as 
Vea IDs: z lo- appn ( bags WEE 7-1} 
ap,» 42| _4Dn tre wn (2.40) 
In=qDn* -Tx [oo Tn S kT )j 
The forward current density 
f D, 
J= (Ppp e exp —— 7-1) 
=J, ap -1) (2.41) 


The forward current therefore increases exponentially with the 
applied voltage. The expression (2.41) is not valid for small for- 
ward voltages due to recombination in the depletion layer. 


40 INTRODUCTION TO SEMICONDUCTOR DEVICES 


2.5 Quasi Fermi Levels 


We have noted above that the minority carrier densities within 
short distances on either side of the depletion layer are different 
from.the thermal equilibrium values when a junction is biased. 
The condition that the product of the density of holes p and the 
density of electrons n in a semiconductor is a constant and is equal 
to n is not valid within short distances on either side of the 
depletion layer. The product is less than nj? when the junction is 
reverse biased. It is more than n; when the junction is forward 
biased. 

The densities of holes and electrons are related to the Fermi 
energy and the mid band energy by the expressions 


pra 
EE ie (1.12) 
n=m CXP—~ 

The expressions can be applied to the semiconductor regions 
on either side of the depletion layer of the junction under bias by 
assuming that the Fermi level changes at the edges of the depletion 
layer to account for the change in minority carrier density. The 
Fermi levels are different for holes and electrons as the density 
of minority carriers are only affected by biasing. The Fermi 
levels governing the densities of carriers under nonthermal equi- 

librium-conditions are referred to quasi-Fermi levels or Imrefs. 
If 8 is the energy difference between the quasi-Fermi level: for 


(ri) and the Fermi level on the N-side, we have from expression 


Pn=M exp Ae ae 
è 
=Pno * EXP FF (2.42) 
Comparing expressions (2.33) and (2.42) we find that 
è= Fqy (2.43) 


The quasi-Fermi Jevel for holes is shifted upwards by an 
amount equal to the applied potential when the junction is reverse 
biased. The quasi-Fermi level for electrons is shifted downwards on 


the P-side. The shifts are in opposite directions .when the junction 
is forward biased. - 


We have found earlier that the hole and electron current den- 
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Fig. 2.9. Dashed lines represent quasi-Fermi levels and full 
lines represent Fermi levels. 


sities in the isolated crystal are zero as the Fermi level is invariant. 
From expressions (2.1) we find that the current densities J, and Jn 


when the junction is biased are given by the expressions 


dE 
E ps Se 


Jn=bn ne ee 
When the junction is biased the quasi-Fermi levels vary as 
indicated above. If a potential is associated with the quasi-Fermi 
level so that g¢/=—E, we find that the current densities under 
biased conditions are given by the expressions 


a 
J»=—lpr» P * ga 


= dEn 
Jn=— ipn It TFN 


where $p and $n arc the potentials associated with the quasi-Fermi 
levels for holes and electrons. 


2.6 Temperature Dependence of Reverse Saturation Current 


The reverse saturation current density of a jùnction is given 
by the expression 


_ ( Do Pno 1 Dn * Noo 

s= Fees as 7 ) (2.37) 

The minority carrier densities Pno and 7p are related to the 
ne mnt 


doping densities by the expressions Pno= N; shp We 
Substituting the values of the minority catrier densities and 
the values of Lp and Ln we have 
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D 1 Da, 
Ie =e | 5 ary = 24 a = (2.44) 


The factor D/t varies as TY (y is a constant) while 1? 


varies as T? exp F . Substituting the values of D/t and n,? we 
find that the reverse current density Jr varies as 


4 foe s 2 


+) 
The variation in the reverse current due to the term T 2 


is negligible compared to the variation due to the exponential 
—E, 
term, we can say that the reverse current varies as exp er 


ie exp (2.45) 


The variation of J, with temperature can be used to determine 
the band gap of the semiconductor. 


2.7 Carrier Generation and Recombination 
within the Depletion Layer 


We found in Chapter 1 that whenever there is a deviation 
from thermal equilibrium conditions there is either carrier recom- 
bination or carrier generation. The recombination rate is given by 
the expression 


R= N(t)op Sn vi (pn—ni?) (1,35) 


os| p+n exp a )+ on (tm exp oa ) 


If we remember that the generation process is the reverse of 
the recombination process a similar expression gives the genera- 
tion rate. In the depletion layer of a reverse biased junction the 
hole and electron densities are negligibly small as such p and n 
can be neglected. The generation rate is given by the expression 


= TMNT Vt he 
4 Ei— E; E: E; T (2.46) 
Gp CXP kT +c, exp Er 


where +, is the effective lifetime given by the expression 
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Gy exp af +6, exp Ezt í 
T (2.47) 


SyonVin 
As the generation rate is the number of carriers generated 
in unit volume in unit time the current density due to carrier 
generation 


J,=q|U|W 
where W is the width of the depletion layer, 
Substituting the value of the generation rate 
I= qn WwW 


Te 


(2.48) 


The generation current density in a reverse biased junction is 
proportional to n; while the reverse diffusion current in an ideal 
diode is proportional to 7. For germanium n? is very large, as 
such the generation current is negligibly small compared to the 
reverse diffusion current. However, for wide band gap semicon- 
ductors Si and GaAs 7; is small and the generation current cannot 
be neglected. 

As the generation current is proportional to the width of the 
depletion layer W, it increases with the reverse voltage due to widen- 
ing of the depletion layer. The reverse current therefore is not 
independent of the reverse voltage as expected in an ideal diode. 

The ideal diode equation also fails under forward biased con- 
ditions as current is lost due to recombination within the depletion 
layer. The loss in the number of carriers due to recombination is 
to be found by integrating expression (1.35). The integration is 
complicated due to the fact that the hole and electron densities 
vary from point to point within the depletion layer. However it is 
possible to find the effect of recombination on the forward 
characteristic by assuming that the hole and electron densities 
remain constant within the depletion. In other words, we are 
assuming that the quasi-Fermi levels remain constant within the 
depletion layer. Expression (1.35) for the rate of recombination is 
considerably simplified by assuming that the trap levels are situated 
at the middle of the band gap and on=op=c. With these assump- 
tions the rate of recombination is given by the expression 

Nisvin (pn—n,?) 
Ile ROE as (2.49) 

The hole and electron densities in the depletion layer can be 
expressed in terms of quasi-Fermi potentials as 
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n=n exp i , P= exp Abe) 


where $n and ¢, are the quasi-Fermi potentials and ¢ the potential 
corresponding to the middle of the band gap. Substituting the 
values of p and n in expression (2.49) we have 


1 
Ni OVin m( exp na xa 


exp dita) + exp SEY Mee) BD: n 


R= (2.50) 


The recombination rate is maximum ma the sum p+n is a 
minimum in the expression (2.49). As the product pn is a constant 
the sum is minimum when p=n, i.e. the recombination rate is 
maximum at the point where the intrinsic level is situated mid-way 
between the two quasi-Fermi levels. The maximum recombination 
rate can be found from expression (2.50) by writing pete te: 


when the expression reduces to 


Ni" oven uth I -1) 


2 exp EA -1) 


when vt the above expression is further simplified 


Rmax= (2.51 ) 


Novin ni f qv 
Rmx 5 XP SET (2.52) 


The recombination current density can be obtained as 


Jrec= f qRdx 


(2.53) 


~ Novan . 
ea T. wW 


= wep 
2kT 

The recombination current is also proportional to n just as the 
generation current in a reverse biased junction. For low forward 
voltages the current in silicon and other wide band semiconductor 
junctions varies as exp (qV/2kT). The recombination for very low 
forward voltages is considerable and the current is not established 
till a minimum forward voltage is applied. The minimum forward 
voltage necessary to establish a current is called cut in.voltage and 
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it :s quite important in the design of electronic circuits. The cut in 
voltage for silicon junctions is about 0.5 volts. 


2.8 Junction Breakdown 


The current through a reverse biased junction was found to be 
very small and fairly independent of the applied voltage. That is 
why it is referred to as reverse saturation current. When the 
reverse voltage is increased to a certain value it is found that the 
reverse current increases considerably and the rectifying action of 
the junction is lost, the junction is said to have broken down. Two 
different physical processes are involved in the breakdown. One of 
the processes is called Zener breakdown and another Avalanche 
breakdown. The two different breakdowns are used to advantage 
in certai circuit applications. The junction breakdown does not 
destroy the junction so long as the current is not excessive. 


Zener breakdown 
The slight increase in reverse current with voltage was found 


to be due to carrier generation within the depletion layer. The 
carriers are thermally generated within the depletion layer and as 
the generation rate is maintained constant the reverse current shows 
a small increase with voltage due to the widening of the depletion 
layer. As the depletion layer is very narrow the field intensity 
within the depletion layer increases considerably with the applied 
voltage. When the field intensity reaches a value of about 105 V/cm, 
the bound electrons in the depletion layer are field excited into the 
conduction band creating electron hole pairs. The electrons and 
holes generated within the depletion layer move in opposite 
directions under the influence of the intense electric field causing a 
sudden increase in the current. The current is limited only by the 
external circuit. This breakdown is referred to as Zener breakdown. 
The breakdown can also be viewed as a consequence of tunneling 
from valence band to conduction band. Since the width of the 
depletion layer is a function of the doping densities the field 
intensity may be made to reach the limiting breakdown value for 
different applied voltages and Zener diodes can be manufactured to 
breakdown at well-defined voltages. Zener diodes are invariably 
used in voltage regulating circuits. 


46 INTRODUCTION TO SEMICONDUCTOR DEVICES 


Avalanche breakdown 

For low doping densities the depletion layer is fairly wide 
and the field intensity is not sufficient to cause field emission, 
Under these conditions the junction may break down by impact 
ionisation. As this mechanism is important in transistors and in 
the study of certain microwave devices we will study the process 
in a little detail. 

A charge carrier moving with a certain velocity within the 
semiconductor suffers a collision with the lattice. If the carrier 
has sufficient energy the collision results in the creation of an 
electron hole pair. We can define an ionisation rate a as the 
number of electron hole pairs generated by the carrier in travelling 
through unit distance. The ionisation rate is strongly dependent 
on the intensity of the electric field and is different for holes and 
electrons. The dependence of the ionisation rate on the field 
intensity is due to change in mean free path and allied considera- 
tions. We restrict ourselves to the effects of ionisation and not go 
inte details of the variation of ionisation rate with field intensity 

Consider an elementary slice AB of thickness 8x within the 
depletion Jayer of a reverse biased junction. If /, is the hole 

current entering the section from the 


ne left, the number of holes entering the 
I, In section is /,/q and the number of 
electrons hole pairs generated in the 
: A š 
(0) Ôx w 


section is Fi «a+ dx, where % is 


Fig. 2.10., the ionisation rate for holes. The 
increase in hole current due to ioni- 
sation within the section is I, + @,+ dx. Similarly if J, is the 
electrons.current entering the section from the right, the in- 
crease in the hole current caused by electrons is J, * % + dx, where 
%q, is the ionisation rate for electrons. The increase in hole current 
due to ionisation within the slice AB 
81,=5 Ip» dx+On In + dx 
As the total current J=/,+/, 
le =Gn I+ (ap—an) Jy (2.54) 
To obtain the current multiplication duc to impact ionisation 
expression (2.54) is to be integrated over the entire.depletion layer. 
If W is the width of the depletion layer and Ipo and M + Ipo are the 
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` 


hole currents on either side of the depletion layer. We have after 
integrating the above expression and setting 


I=M, Ipo 
Ww w 
My Ipo—lno= Mp mf Xy Exp [-f( een) ae” Jax 
3 } 
Ww 
de yala » exp[ — fi apan) dx’ Je (2.54) 
0 


The factor M, is called wh hole multiplication factor. The 
junction breaks down and the current reaches a very kigh value 
when the multiplication factor becomes infinite, i.e. when the inte- 
gral in expression (2.54) becomes 1. The integral is referred to as 
the ionisation integral. The breakdown may be either due to ioni- 
sation initiated by holes or electrons. The ionisation integrals for 
holes and electrons are different and are given by expressions 


LN x 
Jas exp [fies anas] dx for holes (2.55) 
0 


i] 


O t— X 


x 
an exp [~ [s-ana] dx for electrons (2.56) 
0 


In certain semiconductors GaAs and GaP the ionisation rates 


are equal and the ionisatiou integral is simplified to the form 
wW 


f ode (2.57) 
0 
The breakdown voltage of a junction can be found by evalu- 
ating the ionisation integral and setting it to one. The integral has 
to be evaluated using numerical methods and a computer as the 
ionisation rates are functions of electric field intensity which 
varies from point to point in the depletion layer 
The breakdown voltage depends on the doping levels and on 
temperature. From a knowledge of the breakdown voltage the 
critical field at which breakdown occurs is evaluated. The current 
through a reverse biased junction shows an increase with the 
applied, voltage for voltages near the breakdown voltage. The ratio 
of the current to the reverse saturation current, called the multipli- 
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cation factor, M, is related to the voltage across the iunction by 
an empirical relation 
i 1 
i ( 4 y (2.58) 
Vor | 
where n has a value between 3 and 6 depending on the material. 


M= 


2.9 Charge Storage—Admittance of a Junction 


It has been proved earlier that the minority carrier densities 
on either side of the depletion layer increase to large values 
depending on the forward voltage. To preserve charge neutrality 
within the bulk semiconductor on either side of the depletion, 
layer majority carriers flow into the semiconductor regions from 
the external circuit. The majority carriers flow out of the semi- 
conductor regions when the minority carrier densities decrease. 
As such we find that there is a flow of majority carriers into and 
out of the semiconductor regions similar to that of a capacitance, 
A forward biased junction has a capacitance due to the excess 
density of minority carriers and the capacitance is called the 
storage capacitance. 

To evaluate the storage capacitance of a junction we assume 
that a small alternating voltage of maximum value v is super- 
imposed on a steady forward voltage Vy. The voltage across the 
diode at any particular instant is given by the expression 

V=Voty exp jwt (2.59) 

The hole density on the V-side of a P*N junction can now be 

written down as 


Pn==Pny EXP g(t exp jor) 


V 
=Pn. exp T exp me 


(exp jor is dropped as the voltage y is understood to be 
alternating). 


As the alternating voltage is small the exponential can be 
expanded to give 


Vy 
=Pno exp 1 +Pna exp 7 


rie Ay 
ET (2.60) 
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The excess hole density on the N-side is now obtained as 


Pa—Pro=8Pn=Poi( exp fe =1)+Pro exp £42 i 
writing pnd exp gr )= dpn 
and Pro apte. 4 Ir A Na 
we have 3pn=opn+ Dn 


The excess hole density on the N-side consists of a steady part 


òpn and alternating part with a maximum value 8p”. The conti- 
nuity equation for holes on the N-side can be split into two parts: 
an alternating part and a steady part. From the steady state 
equation we find that the excess hole density at a distance x from 


the edge of the depletion layer is given by the expression 


a= Bn exe -7 


and the steady state current density 


D. Yi 
AT * Pno ( exp -1) 
As we are considering a P*+N junction the electron current 
density is negligible and the total current density J is the same 
as Jp 


ed oe 


i pal exp ae =). 
The steady state current 


I=4J= 44s ` paf api ) 
p 


The incremental conductance g of the junction is obtained 
from the above equation as 


di _ AqDy q Wo 
gc ar 7, e pB | ee 
=-4 1] (2.62) 


— kG 
For the alternating part of the continuity equation we have 


dp/dt=jopn. 
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Substituting the value of 2 we have 


writing LE +jo= A + The solution for the alternating part 
ep cs 


of the continuity equation can be found similar to the steady state 
case. The alternating excess hole density at a distance x from the 
edge of the depletion layer is 


wee = 
Sp = pn ex ; 
p Pn EXP Bs 
where L's =4 Dyr’, . 
The alternating current density 
~ dp 
a= ay ‘dx |x=0 
qD. sa 
=T e 8pn 
qD, Wo . qv 
Li BRNIERD oe er 
The alternating current flowing through the junction 
sa MADE on, + ty Oe a 
eo Ey LEED © ee 
We now readily obtain the admittance as 
i AqD. qo 4 
Y=t= 2 a 
v Li, Pe OPT ET 
Substituting the value of AqDgpn, « MEO 5 18 
OF Aq) 5pno * exp kT ET from 
equation (2:61) we have 
L 
Y = g 2 
& IA 
= ao s ae) i eee 
r I+jwr, (2.63) 


: The root in expression (2.63 
alternating voltage is small com 
have, after approximation 


) can be approximated as the 
pared to the steady voltage. We 
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Y =g Seg (2.64). 
The junction behaves as a parallel combination of a resistor 


of conductance g and a capacitance = 


The capacitance is called the storage or diffusion capacitance 
C= =f. R (2.65) 
The capacitance of a forward biased junction is the sum of the 
storage and transition capacitances. As the transition capacitance 
is very small it is often neglected in comparison with the storage 
capacitance of the forward biased junction. ’ 
The stored charge contributing to the capacitance can be 
found by integration as 


av kT 2 
Vo 
oo fara aes eS 
E f pi 
0 
Expressing / in terms of V and integrating we find that 
Q= Li (2.66) 


This is the charge that is associated with the capacitance, i.e. 
the ċharge that can be reclaimed. As we know that the charge is 
due to excess holes we can find the charge from the excess hole 
distribution on the N-side. 

The hole density at a distance x from the depletion layer is 
given by the expression 


8Pn=Spno exp — = 
p? 


`And the charge due to excess holes 


œ 


Q= af Pn=AQ no [ exp F 
'D 
: 0 ò 


= Iz (2 67) 


ag BE ae Pno 
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The reclaimable charge is only half the charge associated with 
the excess holes. The other half of the charge escapes through 
the junction. The above calculations are made on the assumption 
that the W-side is infinitely long so that the excess hole density falls 
to zero exponentially within the N-type semiconductor. However, 
if the N-side is not wide enough, i.e. for a narrow based diode it 
can be shown that two thirds of the change is reclaimable when the 
applied voltage falls to zero. 

For simplification the calculations are made for a P+N junction. 
The results for a PN junction are similarly obtained. 


2.10 Transient Behaviour of a Diode 


In this section we consider the effect of charge storage on the 
transient behaviour of a diode. When the voltage across a diode is 
suddenly reversed we expect the current to fall from a large value 
to the reverse saturation valuc instantaneously, the diode behaving 
like an ideal switch. The current does not change as in the case of 
an ideal switch due to charge storage. To understand the change 
in current with a sudden reversal of voltage consider a P+N diode 
carrying a forward current /;. The voltage across the diode is 
related to the excess hole density on the N-side by the expression 
(2.38). We can write 


AA] —— 
Laat ees (2.68) 


From the above expression we notice that a change in voltage 
also implies a change in excess density. The diode current cannot 
change from a forward value to the reverse saturation value as 
the excess hole density on the N-side cannot change immediately 
from a large value to zero value. During the interval the excess 
density is above the thermal equilibrium value and the diode has 
a small forward voltage across its terminals, the reverse voltage 


Ip 
oo 
R 


Fig. 2.11. 
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appearing across the resistance in series with the diode drives a 
current Jp=V,/R. 

The time during which a steady current I, flows through the 
diode is called the storage time. The storage time can be roughly 
found as the ratio of the change reclaimable to the reverse current 


ae Oe. 
i OE 
I 
TA (2.69) 


The storage time evaluated in the above manner is higher 
than the actual storage time as carrier recombination is not taken 
into account. The storage time was evaluated by Kingston taking 
ount recombination. The Kingston’s expression is 


ee a 
tha=t| erfe T) (2.70) 


when I=]; in magnitude, the error function approximately has a 

value 1/2 and the storage time works out as 7p/4. (The storage 

time under similar conditions is t,/2 using the rough estimate.) 
After the minority carrier density returns to the thermal 


equilibrium value the reverse voltage starts appearing across the 
diode and the current drops to the reverse saturation value, The 
time during which the current falls from Z, to 10% of its value is 
called the decay time and it is often much Jess than the storage 
time. The wave forms of the applied voltage and current through 
the diode are as shown in Fig. 2.12. 


into acc 


e 
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fy 
‘Fig. 2.12. 
Important Formulae in the Chapter 
Barrier voltage 
- N: 
V, = awn a 2. Abrupt junction 
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2kT a (12«V,) 


V, = i n i wa Graded junction 
Width of the depletion layer 
w= (+- ue } y? Abrupt junction 
a 
= ( a j PN* junction 
a 
= ( a y P+N junction 


1/3 
= ( er ) Graded junction 


Junction capacitance 

mA Ei Ne Nan a TE" 

C= a[ 7 esc Vv Reece junction 
= A ( IN È pve juncti 
( JA PN+ junction 
2 

=A (“= ) + V-13 Graded junction 

Maximum field intensity in the a layer 


Bm =[ = . ae} + V32 Abrupt junction 
2 
= (4 8e | + V3!2 PN* junction 


= le Graded junction 
Reverse saturation current density in a junction 
D. Dan 
oF eg ( PP no nilipo ) 
RAR a 
Current equation 
= wees 
1= h (erp kT , 
w 
Ionisation integral f &p exp [- Jen- an) dx ‘|x for holes 


wW 


fa exp [jesar je for electrons 
6 


0 
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w 
Avalanche breakdown condition Í « » dx=1 
0 


Multiplication factor M= 


Incremental forward conductance =F iy i 


Diffusion capacitance P+N junction 


Storage time a= * F; 
r 


Questions 


2: 


Show that the Fermi level is invariant for an isolated junc- 
tion. Draw the band diagram for a junction. 

Derive an expression for the barrier voltage existing across 
a P-N junction. If the donor and acceptor densities on the 
N and P sides of a silicon junction are 10®2 met, evaluate 
the barrier voltage. 

Draw the band diagram of a P+N step junction. Evaluate the 
barrier voltage of a silicon P*+N junction if the donor density 
on the N side is 1.45 x 10?? met~’. 

Derive expressions for the capacitance and width of the 
depletion layer of an abrupt junction. 

Evaluate the width of the depletion layer for a P+ junction 
if the donor density on the N-side is 1.45 x 102° met~5, when 
(a) the junction is unbiased; (b) when a reverse voltage of 5 V 
is applied. 

What maximum reverse voltage can be applied to a germa- 
nium P+N junction if the junction breaks down for an electric 
field of 2x107 V/met. The donor density on .the N-sides ig 


2.4 1023 met” 8. 
Show that the capacitance of a graded junction varies inverse- . 


“ly as the cube root of the voltage across the junction. 
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11. 


12. 


13. 
14. 


15. 


16. 
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Evaluate the reverse saturation current density in a junction. 
Derive the relation between current and voltage for a junction. 
What do you understand by quasi-Fermi levels? Derive the 
expression for current density in terms of the quasi-Fermi 
levels. 

Is the reverse current in a junction constant and independent 
of applied voltage? Briefly discuss the variation of reverse 
current with the applied voltage. 

What is the effect of recombination on the forward current 
when it is very small? 

Distinguish between Zener and Avalanche breakdowns. 
Evaluate the admittance of a forward biased junction and 
hence calculate the storage capacitance of the junction. 

What is the origin of stored base charge? Prove that only 
half the charge is reclaimable. 

Discuss the switching behaviour of a junction bringing out 
clearly the various times involved in the switching process. 


3. Transistor 


Transistor is a three-terminal-semiconductor device capable of 
producing amplification like a triode. It is manufactured by melting 
a third group element on either side of an N-type semiconductor 
wafer or by melting a fifth group element on either side of a P-type 
semiconductor wafer. 

In the first case the third group impurity overcompensates the 
N-type semiconductor on either side producing P regions on either 
side of N-type wafer while in the second case the fifth grou 
impurity overcompensates the P-type semiconductor on either Rae 
producing NV regions on either side. The crystea’ structures formed are 
PNP and NPN. The impurities introduced a. + fairly large in con- 
centration and the areas over which the impurities are melted are 
different on either side. The necessity for this will be obvious as we 
proceed further. The: smaller area side is known as emitter and the 
larger area side collector and the semiconductor wafer sandwiched 
between emitter and collector is known as base. In a PNP transistor 
the emitter and collector regions are of P-type and the base N- 
type while in an NPN transistor the emitter and collector regions 
are N-type and the base P-type. 

The junction separating the emitter and base is called the 
emitter junction while the junction between the collector and base 


is called:the collector junction. 
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3.1.1 Current flow through a transistor 


In normal operation the emitter junction is forward biased 
while the collector junction is reverse biased. Considering a PNP 
structure the hole density in the base at the edge of the emitter base 

.junction has a large value due te minority carrier injection while the 
hole density in the base at the edge of the- collector base junction 
has avery small value. The difference in the densities of holes on 
either side of the base region sets up a concentration gradient 
within the base. Under the influence of the concentration gradient 
holes diffuse across the base region from the emitter junction to 
the collector junction. The hole current due to diffusion at the 
collector junction adds to the reverse saturation current of the 
reverse biased collector junction and the collector current changes. 

We can separate out the various components of the current. 
The emitter current or the current flowing through the emitter junc- 
tion is due to holes injected from emitter to base and electrons 
injected from base to emitter. The electron component of the emitter 
current flows between emitter and base. The collector current is 
the sum of the reverse saturation current of the collector junction 
and the current due to holes reaching the collector junction.. The 
base current has three components—the electron component of the 
emitter current, the reverse saturation current of the collector 
junction and the current due to recombination within the base 
region. These components are individually very small. By applying 
Kirchoff’s laws to the transistor we have 

Is = Ic+Is (3.1) 
where Zs is the emitter current, Jc the collector current and Jp the 
base current. The voltage change needed to vary the emitter current 
is very small as the emitter base junction is forward biased and the 
power associated with the emitter junction is very small. The 
changes in emitter current cause changes in the collector current. 
As the resistance of a reverse biased junction is very large the 
changes in collector current are associated with considerable 


power, 


3.1.2 Current calculations 


The ratio of the hole current at the base emitter junction to the 
total emitter current is called the emitter efficiency y, the ratio of 
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base collector junction to the hole current 
at the base emitter junction the transport factor 8 and ratio of the 
collector current Ic to the hole current at the base collector 
boundary is called the collector multiplication factor è. From the 
above definitions it follows that the collector current is related to 
the emitter current by the relation 

Ic=yB8le (3.2) 
o of the collector current Tc to the emitter current 


the hole current at the 


The rati 
is called the current gain «, and a=yßð. s 
It is instructive to calculate the values of Y, $ and è so that 


the physical behaviour of a transistor can be appreciated. The 
calculations on a practical transistor are involved as such an ideal 
transistor having @ uniform cross section is considered. The junc- 
tions are assumed to be parallel and abrupt. With these assump- 
tions the factors Y, 6 and 6 can be calculated. 


3.1.3 Emitter efficiency 


The emitter efficiency was defined as the ratio of the hole 
e emitter junction to the emitter current. The hole 
current at the emitter junction is evaluated from the gradient of 
the hole density at the edge of the depletion layer on the emitter 
side of the base. If Vs is the forward voltage of the base emitter 
junction the hole density on the emitter side of the base is 

Ws 
kT 


current at th 


pı = po exp (3.3) 


The hole density at the edge of the depletion layer on the 
n by tne expression 


collector side of the base is give 
4 Vc 
pa = pox? -T (3.4) 


z —qgVc . 
As Vc is very large exp ae is almost zero and the hole 
density at the edge of the deple- 
tion’ layer on the collector side of 
the base is taken as zero. E c 

The hole density profile in the 
base region can be obtained by sub- 


stituting the boundary conditions in Ema 
the general expression for carrier Fig. 3.1. 


density profile 
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Pe = Ci exp Ete exp —— (3.5) 
At the edge of the ay lage on the emitter side of the 
base x = 0, and pi = po exp ae, at the edge of the depletion 


‘layer on the collector side of the base x = W and p2 = 0. 
Substituting the boundary values in the general expression, 
the constants Ci and C2 are found as 
wW 
—pı exp (+4) 
2 sinh L4 


Ww 
Pi exp Lee 


W 
2 sinh T 


The hole current density at the emitter base boundary is 


a= (3.6) 


C2 = (3.7) 


i 
Jp = -4D 


x=0 


_ (C+C) 


wm, pr coth (3.8) 

The electron current through the base emitter junction can be 
found by considering the electron density profile on the N-side. 
The general expression for the carrier density profile has the 
following limits. 


At x = 0 on the emitter side 


nı = noe exp ae (3.9) 


Deep in the emitter side at x = —oo, n = nog. 
With these limits the constants in the profile expression can be 
found as 
C2=0 
Ci = m—noe 
The carrier density profile of electrons on the P side (emitter) is 
72—NoE = (mı~-noe) exp © (3.10) 
n 
where La is the diffusion length of electrons in the emitter region. 
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The electron current density through the emitter junction 


z dn 
Da Te dx |x 
Ve 
qD,, noe (exp ) 
fo: n— noe _ kT 
Tai pe T = (3.11) 


The minus sign in. the diffusion current equation cancels 
with the negative charge carried by the electron and the electron 


current at the junction is positive. 


Neglecting 1 in comparison with exp ie the electron 


current at the emitter base junction 
= Dn TE MoE pie, 
= 


PET 
The current density through the emitter junction 
= Pe Po exp ag coth EH gPa oE Noe exp EE 
(3 12) 
The emitter efficiency is wag by the expression 
qDp We 
prj Po Xp > ie coth Taps 
oP  _ 
T D, We W . gDn me Ve 
Po exp Ar coth T Rops a XP -EF 
1 
-e ADA A aA 3.13 
gDr nos _Le tanh (3.13) 


ERETT a 
Ika Ln QD poise ED 
The conductivity on the emitter side 


OE = Fr Po 
as the product of the hole density and electron density is a 


constant 

D, 

op = g» | constant 
NOE 

Similarly 

og = aD constant 
Po 

oz _ D, Po 

B= ee, A (3.14) 


OB Dn noe 
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Substituting the value of ae we have for the emitter 


efficiency 


jt 
Y= —— (3.15) 
oa, Lo anh E 
I+ = T tanh I 
In useful transistor structures the electrical base width W is 
much less than the diffusion length of holes in the base region Lp 


and 


tanh Ka 


get (3.16) 
With this approximation the emitter efficiency 
1 
pa o W (3.17) 
on Ln 


The emitter efficiency of a transistor as given by the above 
expiession depends on the ratio of the conductivities of the base and 
emitter regions and also the ratio of the electrical base width and 
the diffusion length of electrons in the emitter region, The factor 


= ý a must be very very small in order that the emitter 
n 


efficiency is very close to 1. A is made small by having a heavily 


doped emitter region. The factor ga can be reduced to a small 


value by making Lẹ large. The increase in L, involves an increase 
in the lifetime of minority carriers in the emitter region, this is 
difficult because when the emitter region is heavily doped a large 
density of impurity states appear in the forbidden gap. However, 
the crystal imperfections and extraneous impurities can be reduced 
to a minimum so that the lifetime may be large enough to make 
W/L» very small. In useful transistors the emitter efficiency is 
Toughly 0.998 or 9.999. 


3.1.4 Transport factor 


The hole density profile in the base region is given by the 
expression 


P= = Cı exp Tete exp (=) 
+p } 
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/ The constants Ci and C2 are evaluated earlier and have values 
given by expressions (3.6) and (3.7). 


The hole current. density at the base collector junction is given 
by 


_ dp = qv, W Ww 
De Eley, Maye -[ Cı (exp L )-% (E )] 


aè qD» pı 
= z W : (3.18) 
sin. Te 


The hole current density at the base emitter junction has been 
found as 


D, HW 
i picoth 7 (3.8) 
The transport factor (8) is therefore 
Ww 
8=sech L (3.20) 
= wy 
p=1-( ) (3.21) 


To make B very nearly equal to 1 it is necessary to make Ht 
D 


very very small. This is accomplished by ‘decreasing W to a small 
value and increasing 2, in the base reg’on by making the base 
region free from crystal imperfections. 


3.1.5 Collector multiplication factor 


The ratio of the collector current to the hole current at the 
base collector junction is known as collector multiplication factor 
(8) as the electron current through the collector junction is 
negligible compared to the hole current, this factor has a value of 
lat normal operating conditions. However, when the collector 
voltage is increased there is an increase in collector current due to 
Avalanche multiplication at the collector junction. For large 
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collector voltages the collector multiplication factor 8 is given by 
the expression (2.58) 


E (2.58) 
- (+) 


where V is the applied reverse voltage across the collector junction 
and V», the breakdown voltage, the factor n has a value between 
3 and 6. 


3.1.6 Base spreading’ resistance 


The base current consisting of the electron currents flowing 
through the emitter and collector junctions of a PNP transistor 
and the current due to recombination of holes in the base region 
flows to the lead making contact with the base region of the 
transistor. The flow paths of the different components making up 
the base current are different. Thé components of the base current 
flow through the narrow base region to reach the contact as such 
they have to overcome certain resistance. Even though the com- 
Ponents of the base current have different flow paths it is possible 
to consider a single resistance to be in series with the base, this 
Tesistance is called the base spreading resistance. It has a value of 
about 100 ohms. 


3.2 D.C. Characteristics 


Unlike a tube, a transistor is used in different ways. In a tube 
the voltages are always measured relative to the cathode and the 
current in the plate circuit is determined by the potential differences 
existing between the cathode and the grid, cathode end plate etc. A 
tube is generally operated with the grid at a negative potential and 
there is no grid current, g 

A transistor is a three-terminal device and can be operated 
with the base common to input and output, in this case it is said to 
be used in the common base configuration. A transistor can also 
„be used with its emitter common, in which case the transistor is 
said to be used in the common emitter configuration. Another 
difference between a tube and transistor arises out of the fact that 
there are currents flowing in all the three leads. The currents are 
related to one another by the various formulae derived earlier. It is 
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appropriate to say that while a tube is a voltage controlled device 
a transistor is a current controlled device. In the following pages 
we will discuss the various D.C. characteristics of a transistor 
first in the common base configuration and later in the common 
emitter configuration. : 

The sign convention for currents that is commonly used is to 
consider the currents flowing into the transistor as positive and the 
currents flowing out as negative. The voltages are always measured 
relative to the common lead. For a PNP transistor Jz is positive as 
Te flows into the transistor. Zs and Zc are negative as they flow out 
of the transistor. The voltages Vgz and Vcs are negative. 


3.2.1 Common ‘vase configuration 


In the common base configuration the input voltage Ve is the 
forward voltage appearing across the emitter base junction and the 
output voltage Ve the reverse voltage across the collector base 
junction. The input current Je is the forward current, Ic is the 
current flowing through the reverse biased collector junction. 


Input characteristic 
The input characteristic is the curve showing the relation 
between the input voltage and current: for different values of 
collector base voltage. The current is given by the expression 
We 
f Dy po exp “pp Wae De moBguhsdKE } 
A am mar aR oF exp HE 


re eet ere 


VOLTS 


E 


Fig. 3.2. 
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The variation of the emitter current Zg with emitter base voltage 
Ve is similar to a forward biased junction except that the gradient 
-varies with the collector voltage, the change in the gradient with 
collector voltage arises from the narrowing of the base region due 
to the depletion layer at the collector base boundary moving into 
the base, When the collector is open the emitter current flows 
‘through the base only and the base spreading resistance which is 
‘much larger than the resistance of the forward biased diode comes 
in series, as a result the effective junction voltage is reduced and the 
input characteristic with collector open is much less steeper than 
the other characteristics, 


Output characteristic 

The output characteristics are the curves showing the relation 
between a collector voltage and collector current for different 
values of emitter current. In normal operation the collector base 
-junction is reverse biased and the current voltage characteristic for 
zero emitter current is the same as that of a reverse biased diode. 
When the emitter current is increased the collector current reaches 
almost the same value as the emitter current when the collector is 
made a few tenths of a volt negative relative to the base. Under 
these conditions, as discussed earlier, the hole current leaving the 
emitter junction is collected by the collector. When the collector 
base voltage is increased the depletion layer of the collector: base 


junction moves towards the emitter reducing the electrical base . 


width. The reduction in the electrical base width results in an 
2 
increase in the transport factor which is equal to (Z) 
‘Pp 


There is a slight improvement in the common base current gain 
with the increase in the collector base voltage. When the reverse 
collector voltage and the collector current increase there is power 
dissipation at the base collector junction and there is a con- 
sequential rise in temperature. Due to this rise in temperature the 
reverse saturation current of the collector base junction Ico 
increases. As 7cọ is in the same direction as Ic there is an 
increase in Zc at higher collector voltages. Summarising the output 
characteristic corresponding to Je=0 is the reverse saturation 
characteristic of the junction. The collector current reaches a cons- 
tant value dependent on the emitter current when the collector 
base voltage is a few tenths of a volt negative. Large values of 
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the collector voltage increase the collector current and the charac- 
teristics develop an upward bend. 


0,0, ——> V 


c 
Fig, 3.3. 


3.2.2 Common emitter configuration 


In the common emitter configuration the emitter is common 
to the input and output. ¥ 


Fig. 3.4. 


ff’s laws to the transistor we have 

Te+Ip+Ic=0 (3.22) 
Voe=Vca+V se 

As Ic=—«le 

we have 


Applying Kircho: 
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or fo= a ods (3.23) 


As « is close to unity ~ has a large value f, and f is called 


1 
the common emitter current gain. When /s=0 the collector cur- 
rent —/cgp is called the common emitter reverse saturation current. 
Iceg is many times larger than Ico as shown below. 

When the transistor is under normal operation the collector 
current is the sum of the hole current collected by the collector 
junction —«J¢ and the reverse saturation current of the collector 
base diode. A small fraction of the emitter current — Ig (1—«) flows 
out of the base terminal. The reverse saturation current of the 
collector base diode /co is opposite in direction to Jz (1—«) and 
it flows into the base. The base current can now be written as 

Ip =— TIe (1—a)+ Ico (3.24) 
when the base is open Ig = 0 
i Ig (l—a) = Ico 


; Ie = Iceo= Aes (3.25) 
and Iceo = —(B+1) Ico (3 26) 


Thus the reverse saturation. current Jczo when the base is 
open is ß times the saturation current of the reverse biased diode. 

The following points should be borne in mind before discus- 
sing the characteristics of the transistor in the common emitter 
configuration. 

1. The reverse saturation current /cep is many times larger 
than Ico. 

2. The common emitter current gain B is very large and small 
variations in « give rise to large variations in 8. 


Input characteristic 

The input characteristic of a transistor in the common emitter 
configuration is the curve showing the relation between the base 
current and the base emitter voltage for different values of the 
collector voltage. This characteristic is different from that of a 
forward biased diode for the following reasons: 

1. The base current is the difference between the emitter 
current and the collector current. 

2. The applied base emitter voltage is larger than the voltage 
appearing across the base emitter junction due to the potential 
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drop across the base spreading resistance. If Veg is the applied 
Voltage the voltage appearing across the base emitter junction 
Ve = Ves—rilp (3.27) 


The emitter current 
Ieo exp ae 


and Ic = — «h exp ae 
ne Te 
Y. 
=-h (1—a) exp r (3.28) 


The minus sign indicates that the current flows out of the 
base, 
The input characteristic curves in commor, base arrangement 
become steeper with an increase in the collector base voltage as 
reasoned bcfore. In common emitter configuration the input curves 
become less steeper as Vce is increased. The difference between 
the change in the slope of the input curves with increase in collec- 
tor voltage is understandable if we note that in the common base 
arrangement the input curve shows the relation between Je and 
Veg while in the common emitter configuration the curve gives 
the relation between /s and Veg + Ig being the difference between 
Je and Jc. When the common base current gain increases due to 
narrowing of the base region consequent on the increase in collec- 
tor voltage the base current decreases. This is the reason why 
the slopes of the input curves in the common emitter configuration 
decrease with the increase in collector voltage. 

Another important feature of the input characteristic is that 
the base current ‘starts flowing out only after the base emitter 
voltage reaches a certain value which depends on whether the 
collector emitter voltage is zero or has a negative value. When the 
collector and emitter are at the same potential Vce=0 the base 
emitter and the collector base junction voltages are very small 
and the large electron current flowing out of the base gives rise to 
a negative base current (base current flowing into the transistor) 
the potential rise in the base spreading resistance causes further 


reduction in the junction voltage. However, when the forward vol- 
tage reaches a certain value, the emitter base junction is forward 
biased and the density of holes on the base side of the base emitter 
junction reaches a larger value than the density of holes on the 
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base side of the collector base junction. Due to the concentration 
gradient and due to the geometry of the junctions the hole cur- 
rent flows from emitter to collector and normal transistor action 
occurs. 

When Yce is made negative the collector junction acquires a 
negative voltage and the reverse saturation current Jco flows into 
the base for small values of Vse and due to the reverse current 
there is a potential rise in the base spreading resistance which in 
turn causes a reduction in the junction voltage. This continues 
till the base emitter voltage reaches a value making the base cur- 
rent flowing out of the transistor more than Zco and the normal 
transistor action occurs. 


Fig- 3.5. 


Output characteristics 

The output characteristics of the transistor are the curves 
showing the relation between /c and Vce for different values of 
Ip. From the relation obtained earlier Jc = BIs. The collector 
current should depend only on Js but with the increase in Vcg 
there is an increase in the reverse voltage on the collector junction’ 
and the depletion layer moves into the base region of the transistor 
reducing the electrical base width, resulting with an increase in æ. 
Even when « increases by a small value, 8 shows. a marked in- 
crease. The output characteristics show an upward slope with 
increase in the output voltage Vce. 

Is=0 corresponds to the condition —/c=TIe, and as discussed 
earlier, the collector current has a value many times (8 times) the 
value of reverse saturation current of a junction, 
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Fig. 3.6. 


Transfer characteristic r 
The transfer characteristic is the curve showing the relation 


between the base current and collector current for different values 
of Vce. The shape of the curve is obtained from the relation 
Ic=ßIs. As B depends on the emitter efficiency, transport factor, 
the curves are not straight-lines. For small currents the emitter 
efficiency increases with the current and the curve has a slight 
upward bend. For currents in the mid range the curves are fairly 
linear indicating a constant value for $. At high currents the curves 
drops due to the fall in «. As the value of « increases with the 
negative voltages on the collector the gradient of the curve in the 
mid current region depends on the voltage between the emitter and 
collector. 
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3.3 Voltage Limitations 


Common base configuration 

Jn the common base configuration the collector base voltage is 
also the reverse voltage appearing across the collector base junction, 
as the voltage drops in the bulk semiconductor are neglected. As 
discussed under the reverse biased junction the reverse voltage 
cannot be increased beyond a certain value because the junction 
may break down due to Avalanche multiplication. A more stringent 
limitation arises in a transistor because the depletion layer spreads 
into the base region under the condition of reverse bias. As the 
base region is very thin, much before the Avalanche breakdown 
occurs, the depletion layer may extend throughout the base region 
to touch the depletion layer on the emitter side. When this occurs, 
carriers are injected direct into the collector and the transistor fails. 
This failure is called punch through. The punch through voltage is 
less than the Avalanche breakdown voltage. The maximum voltage 
that can be applied is determined by the punch through voltage. 


Common emitter configuration 

The maximum voltage that can be applied in the common 
emitter configuration is much less than the voltage for the common 
base configuration as discussed below. 

When discussing the collector multiplication factor (8) we have 
seen that the factor 8 is unity under normal operating conditions 
but increases with the reverse voltage according to the formula 


t= yọ (2.58) 
bia} 
where n has value between 3 and 6. If the collector multiplication 
factor is taken into consideration the current gain of a transistor has 
a value «8. The reverse saturation current in the common emitter 
configuration according to equation (3.25). 


ale, 
L a5 
Fo l—a 
Substituting «3 for ¢ in the above equation, we have 
—adl, 
os laa 


When a8 reaches a value 1, cg, reaches infinity. 


TRANSISTOR 73 


L= —+.,;y (3.29) 
eri ed 
y n 
Ly ( Tal ~ 
y = (l-a) ; (3.30) 


As « is close to unity, of the order of about 0.98 to 0.99, (1—«) has 
a very small value. The voltage that can be applied to the collector 
base junction without making [cgo excessive is obtained from the 
expression (3.30). This voltage is much smaller than the Avalanche 
breakdown voltage or punch through voltage and is called the 
sustaining vo!tage. The maximum voltage. that can be applied in 
the common emitter configuration is limited by the sustaining 
voltage and is very much smaller than the breakdown voltage. 


3.4.1 A.C. behaviour of a junction transistor 


A transistor is used in various electronic circuits as an active 
element. When a transistor is used in an electronic circuit the base 
is given a steady voltage relative to the emitter so that the emitter 
base junction is forward biased, the collector is given a steady 
voltage relative to the base so that the collector base junction is 
reverse biased. Thus the transistor is brought into an active state 
emitter emitting and collector collecting.. The steady - voltages 
applied are called bias voltages and the transistor is said to be 
normally biased. The alternating voltages superimposed on the 
steady voltages give rise to alternating currents. Relations have to 
be established between the various alternating currents and voltages, 
Often the transistor is considered as a black box giving rise 
to definite changes in voltages and currents. If ye and ie are the 
output alternating voltage and current they are related to the input 
alternating voltage and current vı, i by two equations 

; i=yu vityie ve (3.31) 

iz=y21 vi-+Y22 V2 (3.32) 
where yu, yi2, y21 and 22 have the dimensions of admittances, The, 
defining equations for the various admittances are 


yu = WF when vz = 0 (3.33) 


yu is called the input admittance for short circuited output. 
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ye = = when v1 = 0 (3.34) 


yiz is called the reverse transfer admittance for short circuited 
input. 


ya = A when v2 = 0 (3.35) 


ya is called the forward transfer admittance for short circuited 
output. 


y2 = a when vı = 0 (3.36) 


yao is called the output admittance for short circuited input. 
3.4.2 Stored base charge 


The A.C. behaviour of a transistor can be understood and 
analysed if the various admittances are known. The problem now 
reduces to one of the calculation of the various admittances. The 
admittances can be found by writing down the diffusion equations 
with time dependent boundary conditions and solving them. But 
this procedure is as such involved and is more complicated by the 
geometry of the actual transistor. 

The admittances can also be calculated fromthe fact that the 
alternating currents originate from charges that vary periodically. 
This method of approach is called the charge control method and 
we will use this method to evaluate the various admittances at low 
frequencies. The charge in the base region of a transistor can easily 
be calculated and from it the changes i, and iz be found. We 
will first calculate the charge in the base region. For convenience a 
PNP transistor is considered and the charge in base region is due 
to holes diffusing into the base from the emitter. Excess charge due 
to holes migrating from the P region to N region was calculated in 
Chapter 2 on the assumption that the’ N region extends over a 
sufficient distance so that the excess hole density reduces to zero 
exponentially. This assumption has to be dropped in.a transistor 
because the hole density drops to zero at the edge of the depletion 
layer existing at the collector junction. The hole density in the base 
region is given by the expression 
T +C exp = (3.5) 


As the base width is very small compared to the diffusion 


Pz = Ci exp 
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length of the holes in the base region and as the aim of the deriva- 
tion is to evaluate the value of the base charge from the values of 
carrier densities at various points in the base the exponentials can 
be expanded and approximated to the first term. When this approxi- 
mation is made, expression (3.5) is reduced to 


pe = Cr+ Cat FCC) (3.37) 
5 h 
The boundary conditions for holes in the base region are 
at x = 0; p: =p 
at x= W; p= 0 (3.38) 


With these boundary conditions the constants Cı and Cz have 


values 
a =A 17) 


= p =e | 
a= 4 ( 1+7 ) } 

The carrier density at a distance x from the edge of the deple- 
tion layer on the emitter side is given by the expression 


p= n(1-q) (3.40) 
The charge due to holes in the base region 


(3.39) 


Ww 
Ae 
(Oe af pdx m4 pW (3.41) 
0 
The hole component of the emitter current at the edge of the 
depletion layer 
I, = —4 ° AD dp | ; (3.42) 
4 ? dx |x=0 i 
= Ap (3.43) 
Substituting value of pı from equation (3.43) into (3.41), we 
have i 
w2 
Qs > 2D; eh (3.44) 
If the emitter efficiency is close to unity, Jp = Js and 
W ; 
Qs = 2D, ` Ie (3.45) 


when an alternating current flows through the transistor the charge 
in the base region is composed of a charge due to the steady current 
and a charge due to the alternating component of the ‘current. The 
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charge due to the alternating component is periodic. If the alter- 
nating voltage is sinusoidal with an angular frequency w the base 
charge due to the alternating component can be written as 
=Os exp jot (3.46) 
where Qs is the maximum charge. After determining the charge 
“set up inthe base region one should know the manner in which 
the charge is distributed. Part or this charge is associated with the 
junction and part of the charge flows away. To evaluate the charge 
stored on the junction we will calculate the admittance of the 
junction. 


3.4.3 Admittance of a forward biased junction 


Let a small alternating voltage represented by v=v; exp jwt be’ 
superimposed on a steady forward voltage V existing across the 
base emitter junction.. The hole density on the base side of the base 
‘emitter junction is given by the Aiia 


P = Po exp YF y Vi exp jot) (3.47) 


From this expression we ball that the maximum value of the 
hole density on the base side 


pi’ = po exp a (V+) 


as vı is very small, exp T can be written as 1 + Ti and 


pi = poexp (+ E) (3.48) 


But po exp a is the hole density on the base side due to the for- 


ward voltage Vi represented by pi 
p= aps sles a) 


=r fy (3.49) 


pı is the maximum change in the hole density occurring at the edge 
of the depletion layer on the base side. This change in hole density 
occurs throughout the base region and the expression for the 
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maximum changen hole density at a distance x from the junction 
is given by the expression 
p= C exp (xt)+C2 exp (—xt) (3.50) 
where Cı and C2 are constants to be evaluated from the boundary 
conditions, and ! 
r =Y i tjotp (3.51) 
P 
(The above expression for the carrier profile was obtained in 
Chapter 2.) The boundary conditions for the base are 


when x=0 ap 
x=W p=0 
_ When these boundary conditions are applied to expression 
(3.50), ‘ve find that 
= —pr exp(—Ws) 
Ci = —"F sinh We G52) 
Ge pi exp (W7) 
2 2 sinh We 
Substituting the values of the constants C, and Cz in equation 
(3.50) we obtain the expression giving the maximum change in 
carrier density with distance as 
~ , —prexp (—Ws) exp (xt)+-p1 exp (W7) exp (—47) 
Pe 2 sinh Wr (3.53) 
The alternating component of the hole current at the emitter 
junction can now be calculated from the formula 


i dp 
i= AqD, rie | fs (3.54) 


i = Aq Dr =D coth W 7 (3.55) 
Substituting the value of pı from equation (3.49) we have 
j= AqDyrpi qg coth We (3.56) 


From’ equation (3.8) we find that the steady hole current 
through the junction 


h= (3.8) 


wW 
coth Es 


AqDppı 
Lp 
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Substituting the value of pı from equation (3. 8) into equation 
(3.56) we find 


i= ip IpzLp tanh LE coth W + (3.57) 
t EERW: A ET 
In the base region Lp œ W and tanh List Substituting 
Pp P 
=e Wo Ww 
the value of Ly2=Dyty) and writing 5 for tanh gz we have 
P 


i= Ep cle Lp vti) EETA potha a z tjo WE (8.88) 
Dp 


qi vad si we . we 
= Er sz + jo Dy coth E z tjo D, (3.59) 


W?|Lp? is very a an hence can be poate. in comparison 


we 
with jw D with the approximation 
P 


2 ite 
= Ip he coth «fj + (3.60) 


expanding coth Je iad and neglecting higher powers of W we 
p 


can get the low frequency value for į 


we 
an nf —WE eo, 
7 RE teu Je D È — We , We p ~ Wwe 
Ppt eo oy 
(3.61) 
= 1, (1+ i034) (3.62) 


From this expression it is clear that the current has a reactive 
component given by the — 
jeW? 
Déactive = Ip = (3.63) 
reactive | P 3D, 

The reactive part of the current is associated with-a capaci- 
tance called the diffusion capacitance and the diffusion Cana 
in case of the base emitter sad 

we 
Ca = .64 
ait = F Lh 35; (3.64) 
As the emitter efficienc 


y is close to unity Jp can be replaced 
by Je and . 
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i ee 
Cait = kT Te 3Dp (3.65) 
as & Te = 1 for a forward biased junction, substituting 
the value for E Ie we have 


2 

Can = Sy (3.66) 

and the charge on the diffusion capacitance is given by the ex- 
pression ` 

we 

Qar = 3D; dI (3.67) 

From the above expression it is clear that when the current increa- 

ses by the amount dI the charge on the base side of the emitter 


2 
base junction increases by r «dI. From the expression,(3.45) 
p 


we find that when the current increases by d7 the increase in the 
malt 6 
stored base charge is > D, 


conclude that two-thirds of the excess base charge resides on the 
junction capacitance. 


dI. From these considerations we can 


3.4.4 Evaluation of the admittance yı aad yı 


The input admittance is the ratio of the input current to the 
input voltage when the output voltage is zero. 

When a sinusoidal voltage represented by v= vı exp jwt is 
applied across the input terminals the input current has two com- 
ponents. A real component which flows through the junction and a 
reactive component associated with the junction capacitance. 


The real component =ñ (reat) = ei (3.68) 
e 


where re is the incremental resistance of the forward biased 


junction. 
al 
: le= UF Te 
The charge on the diffusion capacitance is given by 
we ; 
a= er happ eR I (3.69) 


The current associated with this junction capacitance 


80 INTRODUCTION TO SEMICONDUCTOR DEVICES 


dg. q 


2 
S ET Ts sa jovi exp jot (3.70) 
p 


dropping the subscript exp jwf as the current is understood to be 
sinusoidal, the reactive part of the input current 


F I, Wai 
I(react) = 12 3p, io (3.71) 
D 
Writing = = 4, the current gain, we have 
iW 2 
T(react) ate Eua vı (3.72) 
The ınput current os 
i =r we ( l+jou ae 
1 =T j 3D, 
; gle { x we 
and -m= E I+jon —— ) 3.73) 
kT I 3D) ( 


The output current iz flowing under the influence of the input 
voltage can also be evaluated. The input voltage vı gives rise toa 
vigle 
t 
current -ZF 


in phase with the applied voltage and flowing across 


the smitter junction. The fraction of this current reaching the 


D SANA Ti Pa" 5 
collector ‘junction is ie + This is the real component of is, 


According to the sign convention the current is positive when. 
it flows into the black box (transistor), as such the real component 
of ig 

F —ongle 
i2 (reat) = i (3.74) 

The charge on the diffusion capacitance is given by the expres- 
sion (3.69), this charge is two-third of the charge due to holes migra- 
ting to the base side. Therefore the excess base charge on the base 


side that is not associated with the diffusion capacitance can be 
written as 


qI, D Ww à P 
KIA EDs ee PE vt in 
The time dependence of this charge gives rise to a current that 


flows through the base region from the collector to the emitter side 
as such the imaginary component of ig 


qs—e = 


i 4 lp we 

ims) =- jw —— 
kr 3" 6D, 
gle we 


= E7 Je Ds v (3.76) 
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The output current iz 


ig = iareat) + 2 (imag) 
els (yj e 
= rE 1+jo Ep, Ja (3.17) 


Therefore the forward transfer admittance 


_ Ile RU ) 
ya = -G ~1+jo 6D, (3.78) 


3.4.5 Admittances yy and y22 
and the reverse transfer admittance 
yin arise out of an effect first described by Early and known as 
Early effect. The collector junction of a transistor is reverse biased 
and the depletion layer spreads into the base region. The extent to 
which the depletion layer extends into the base region depends on 
the voltage across the base collector junction. The spreading of the 
depletion layer into the base region reduces the electrical base width 
and this in turn produces changes in emitter and collector currents. 
The hole component of the emitter current at the edge of the 


emitter base depletion layer is given by the expression 


The output admittance y22 


= _44D» | . w 
ib = És pı coth Éi (3.8) 
W 
As hia tanh T can be written as -Z~ 
p? 
and h= Aa Pt (3.79) 
We can write 
I, IA ow 
abi Va (3.80) 


Wo W We 


Substituting the value of 8/,/0W from expression (3.79) we have 


al, _ _ AqDnp W 
We Ww We 
, W - 
2, -2 a (3.81) 


inusoidal the hole current variations 
part of output current 


—ale ow 
iz (real) = -7 ° We {3.82) 


The sign change is because of the convention. 


If the output voltage is s 
are also sinusoidal. The real 
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To evaluate the imaginary part of i we should investigate the 
changes in the base charge associated with the movement of the 
depletion layer. If J, is the hole current flowing when the base 
width is W we have from equation (3.79) 

pa AqD»pı 
j W 
and the associated base charge from equation (3.44) 
o= we AqD»pı 
2D, Ww 

If the depletion layer shifts by an amount dW towards the 
‘emitter side the new hole current (/’,) ` 
ADi (3.83) 


iy) = 
and the base charge due to holes 3 
,_ (W=dW)? _ Aq Do Pi 
Q 2D, ` Wai) (3.84) 


The changein the base charge due to the movement of the 
depletion layer is 


DEORE sp aw (3.85) 


As proved earlier two-thirds of this charge is associated with 
the collector junction and the charge dQc associated with the 
collector junction due to the depletion layer is 


1 
dQc = z 441P dw (3.86) 
Writi Qc _ 3c W 
mung We W We 
dc l w 
we have sae Aq pı We (3.87) 


When the voltage vais sinusoidal the charge associated with the 


collector junction also varies sinusoidally and the charge can be 
written as 


= 


A ow P 
3 ^p gyo 2 P Jor (3.88) 
The imaginary component of izis , 


s 1 
i2 (imag) = > Aq pı jv» we (3.89) 


Substituting the value of 4g pı from equation (3.79) we have 
i2 (imag) = jw 


aw 
3p, te + ap (3.90) 
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The output current iz is therefore 
ale W į A d 


b= ae | H ap,” (3.91) 
and the output admittance 
_ ale Wy, Ww; 
y= W eA! ee 3D, 6:22 


Reverse transfer admittance yiz 
The real part of the current ig flowing into base from 
collector side also flows through the emitter junction as such the 
real part ig when vı=0 and a voltage ve applied across output is 
—ale W 
=W We (3:3a) 
In addition. to this there is a transfer of charge through the 
base region as only two-thirds of excess base charge is associated 
With the collector junction. The charge flowing from emitter side 
to collector side is the difference between the charges calculated in 


expressions (3.85) and (3.86). 
The magnitude of this charge from expression (3.88) is 


l Jat ae 
=e Aq pı We v2 exp jot (3.94) 
The current associated with this charge is ‘ 
ow jw er Vy (3.95) 


imd = aye 1° 6D, 
The input current / when y,=0 is now obtained as 


i UA wt Nl 
a= ae 1% 0, ERI 


and the reverse transfer admittance 


he, Bl e a E 
L = y= y 1+jo Sp ) (3.97) 


i} 


3.4.6 Transit time of holes through the base region of a transistor 


If /, is the hole current flowing from emitter to base ‘we have 


from the diffusion equation i 
“ae eias 


where p’ is the excess density of holes at the point. The charge 


crossing the section in unit time is gAp’ and the velocity of holes at 


the section is 
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ae ie 


Lear e 
qAp 
The time taken by the holes to travel through the base or the 
transit time 


but a 


Combining the above equation we find 
Ww? eate 
' t= 2D, (3.98) 
The various admittances calculated earlier may be split into 


teal and imaginary parts and expressed in the terms of the transit 
time. 


Writing fe =g 
Silen IW 
W We 8&2 
w2 
ap a 
We have 


| a 
=g FIF 7 jera) 
Ja— Sgi o( 1—4 jora) | 
Dae 7 | 
- V22 = go ty jura ) | 


3.4.7 Equivalent circuit of a transistor 


| 
l 
| 
è (3.99) 


' The equivalent circuit of a transistor is constructed from, the 
defining equations of the four Pole’ parame. 


5- ters. The first equation 
h=yurit+yy.ve suggests that the input c a 


urrent i has twa com- 
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ponents yıvı and yieve. The component yun is due to the input 
voltage and is the result of an admittance yu across the input 
terminals. From the expression for the input admittance evaluated 
earlier we find that it is due to a parallel combination of a’ resis- 
tance of value 1/g, and a capacitance of value 2g,t4. The com- 
ponent yieve of the input current is due to acurrent generator on 
the input side generating a current yı:V2. 

The second equation i2=Y1 vi +Yaeve Suggests that the output 
current jg is due to a current generator y2wWı and an admittance yes 
existing across the output terminals. The output admittance is 
again a parallel combination of a resistance 1/g2 and a capacitance 
3 82a. 

From the above considerations we construct an equivalent 
circuit as under. 


E co 


Fig. 3:8. 


‘In drawing the above equivalent circuit we have not taken 
into account the transition and lead capacitances existing across 
the base emitter and base collector junctions. These capacitances 
appear in parallel to the diffusion capacitances and the capacitances 
in the above equivalent circuit should be modified. The base 
spreading resistance ře appears in series with the base lead and it 


should also be incorporated. 


3.4.8 h-parameters 


The y parameters evaluated earlier are not convenient to use 
in circuit analysis and another set of parameters called h-parameters 
are often used for transistor circuit analysis. The -parameters 
are defined by the following set of equations. - 
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vi=hnii theva } (3.100) 
ig=hayi,+ heave 
hı is the input impedance when the output is shorted; hyg—reverse 
transfer voltage ratio for an open circuited input; he;—forward 
current transfer ratio for a short circuited output and hx» —output 
admittance for an open circuited input. 
The relationships between the A-parameters and y-parameters 


can easily be obtained from equation (3.100) and equations (3.31) 
and (3.32). The relationships are 


1 
= — (3.101) 
ha Yu 
Jı: 
hig = 22 3.102) 
as Yu ( 
hey = 2 (3.103) 
a Ju 
hes = Val Vi2Yor (3.104) 
Vir 


Substituting the values of y-parameters in equations (3.101) to 
(3.104) we find 


1 ' 
a 3.105 
a( i+ 3 a jos) ( ) 
This is the impedance offered by an R.C. combination, the 
resistance having a value 1/g, and the capacitance of value gata; 


this is again the diffusion capacitance of the forward biased 


junction. In addition to this capacitance we should also take the | 
transition capacitance of the emitter base junction. 


hu = 


ha = 82 (=1+4 jora) 

= e (FE ajaa) bie 
Neglecting the terms containing w° and approximating « to 1 we 
finally have 


hia = = (1—jatg) (3.107) 
is the voltage generator in the input circuit which opposes the 
applied input voltage. This voltage is of the same phase as the 
output voltage at lower frequencies but there is a slight phase 
change introduced at higher frequencies 


ha = Yar 
3 Vu 
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_ =e a (1+ jota) 
= -g (F8 jora) UFE joma) (3.108) 
Neglecting terms involving #” and higher powers and taking 
a=1 in terms multiplying jwts 
hama (1 jora) (3.109) 
ha, the A.C. current gain, depends on the frequency. The 
current gain decreases and a phase change is introduced at higher 
frequencies. (The variation of current gain with frequency will be 
discussed in a later section.) 


hzz = yer si a 
= Pa gı ge U- jota) 
ga (1+4 jwra)— Fug, (1 FẸ a jara) a jwra) (3.110) 


Neglecting the terms involving œ and higher powers of o and 
approximating a to unity in terms multiplying jota we have 
> haz=8x (1—a)+§ jota g2 (3.111) 
The output admittance is again due to an R.C. combination 
ae s 1 
the resistive part being OET 
the collector side $ Taga. In addition to this capacitance which is 
due to diffusion we have to take the transition capacitance also to 
be in parallel to the diffusion capacitance. 
Having obtained the nature and value of the various h- 


parameters we can construct the equivalent circuit based on A- 
parameters. 


and the junction capacitance on 


Fig. 3.9. 


3.5.1 Common emitter configuration 


sed in common ‘emitter configuration. 


Transistors are widely U 3 z 
he common emitter configuration the 


When a transistor is used in t 
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input voltage is across the base and emitter while the output is across 
the collector and emitter. The input current is the current flowing 
into the base while the output current is the current flowing into 
the collector. The relationship between voltages and currents in the 
common base and common emitter configurations become clear 
when we draw the transistor in the two configurations and find the 
relation between voltages and currents. 


l4 to 
v Vo 


mla 


COMMON BASE CONFIGURATION 


to’ 
Ly Vo! 
va 


COMMON EMITTER 
Fig. 3.10. 


Comparing the figures we can write 


(3 112) 


3.5.2 Common emitter y-parameters 


: The y-parameters in the common emitter configuration can 
easily be obtained from the y-parameters in common base confi- 
guration by substituting the values of common emitter voltages 


and currents in the definin ; A x 
: K g equations of y- 
equations (3.31) and (3.32). y-parameters given in 
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‘The common emitter y-parameters are 
Ya =YutVitVeat Yea 


| Ja’ =— (Y+ Y22) : i 
Ya = —(YortYe2) eam) 
Yar =V22 


Substituting the values of the common base y-parameters in 
equations (3.113) and neglecting imaginary terms involving g: in 
comparison with the imaginary terms involving gı and approxima- 
ting « to 1 in the imaginary terms we obtain 


Jar =81 (1—2) tjaora} (3,114) 


From this expression it is obvious that the input admittance has 
decreased considetably. The conductance ‘part of the admittance 
has decreased by (1—«) times. This is obvious from the fact that 
the input current is the base current in the common emitter con- 
figuration which is the difference of the emitter and- collector 
currents, The susceptance part of the admittance has increased to 
indicate that the entire base charge effect can be associated with 
the base emitter junction 

Vie’ = — 82 Jota (3.115) 


The absence of the real part in y's: indicates that the movement 
of the depletion layer’ boundary due to variation in collector 
emitter voltage only gives. rise to current due to charging or dis- 
charging of the capacitances and there is.no change in the real 
part. This is what is to be expected because v; is: considered to be 
zero and whatever current changes occur due to changes in 
electrical base width are in the output current but not in the input 


current 
Yn = 81% { 1-4 Jora } (3.116) 
The conductance part of the forward transfer admittance has 
not been affected much as the voltage applied across the base 
in the common base and 


emitter junction is almost the same 1 
common emitter configurations 


22. Nye 


The output admittance has the same value. 
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3.5.3 Common emitter h-parameters 
After obtaining the admittances in the common emitter con- 


figuration we can easily obtain the -parameters in the common 
emitter configuration 


, 1 1 

u= Pu g1 (1—a)+ g1 fora foot 18) 
This only shows that the input impedance of the transistor is 
due to a parallel combination of a conductance g, (l1—«) and the 

diffusion capacitance of value gyta ` 
hi = SE, = SE ote (3.119) 
_ The reverse voltage transfer ratio has a large value because of 
the factor (1—«) in the denominator. This is because when the’ 
base is open for alternating currents, a variation in the collector 
emitter voltage directly varies the base emitter voltage also. In 
` the common base arrangement the variation in the collector voltage 
di y affects the voltage across the collector base junction and 


th verse voltage transfer is caused by changes in the electrical 
base width 


ha! = Yor a ee (3.120) 


The current gain in the common emitter configuration 
represented by fz,’ is very large and a transistor in common emitter 


j z P a 
configuration gives a large current gain =a? represented by 6 


called the common emitter current gain. The capacitive part also 


increases considerably. The imaginary part is usually neglected in 
low frequency circuits 


haa! = Yor! Vie Jar 
Vir 


ma( 1+ 7%. u) 612D 


The output admittance in the common emitter configuration 
has a conductance much smaller than the conductance in the 
common base configuration by an order of (1—a) which is very 


small, but the susceptance Part of the admittance has increased by 
B times its value in the common base configuration 
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3.5.4 Practical equivalent circuits 


Before we proceed to discuss the various practical equivalent 
circnits of transistors we should consider one usefui parameter ` 
called mutual conductance. The mutual conductance is the ratio 
of the output current to the input voltage for a short circuited 


output. 
When ve=0 
v=hni 
i= hah } $ Pines 
From the above equations we have 
gm = È= = gat jopera (3.123) 
Vy u 


The first practical equivalent circuit is the hybrid = circuit and 
it is characterised by a single generator in contrast to two generators 


incorporated in the earlier circuits. 


Fig. 3.11. 


s valid overa wide range of frequencies 
dvantage in that the base spreading resis- 
tance can be considered independently in series with the basic 
transistor structure connecting @ point inside the base B’ to the 
point B which is the external base terminal. The conductance gs'e 
and the capacitor Ca, give tise to the input impedance. / From 
equation (3.118) 

ae Zoe = 81 (1--a) and Cos = 817s (3.123) 
f the reverse biased junction and Cy, is the 
llector base junction. 


The above circuit i 
and it has an added a 


2s. is the conductance © 
capacitance across the co 
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The current generator in the output circuit generates a current 
givenby the experSSion gm vs‘. , wherevye is the voltage appearing 
across the emitter base junction. The last component to be indenti- 
fied in the equivalent circuit is the conductance gee. This .is the 
conductance introduced to produce an effect similar to the reverse 
‘voltage transfer factor hyp. When the input is open (/,=0), the voltage 
across the base emitter junction vs'e has a value equal to viz. Asa 
consequence of this voltage, the current generator drives a-current, 
Emha». The current flowing into the transistor with the input 
open is given by the expression vehz2, out of this current glove 
flows from the generator and the remaining- current should flow 
through gcs. (The effect of conductances gy. , and gsc are neglected 
because the conductance of gsc which is due to reverse biased 
junction, is very small.) The current through gee 

: V28ce = Vzhao— gmhizV 
Ecs = he2—8mAi2 
Zg (3.124) 


3.6 Frequency Dependance of B 


ln a transistor, current is carried by diffusion from the emitter 
to collector through the base by diffusion and we have found 
earlier (expression 3.98) that the carriers take a definite time to 
traverse thẹ base region of the transistor, In addition to this, 
capacitances associated with the base emitter and base collector 
junctions give rise to reactive currents when the transistor is used 
in an A.C. circuit. i 

The frequency limit of useful performance of the transistor is 
determined by the transit time through the base region and the 
time constants associated with the capacitive effects of the junc- 
tions.. The common emitter configuration is widely used, and the 
common emitter current gain $ varies considerably with frequency, 
As. such we will discuss the variation of common emitter current 
gain with frequency quantitatively. 
_ The various admittances were evaluated for ‘the transistor in 
the common base configuration and given by expressions (3.99). 
While calculating the admittances the transition capacitances were 


peak Pi account. The transition capacitances and any other 
capacitances across the junction give rise t ji 

y capaci 0 on 
the input side and jwC. on th i ate oe aie 


e output side, if C, and Cg are takeñ 
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| as: the capacitances ` connected between the base emitter and’ base 
i collector to.account for the transition’and other stray capacitances. 
When the capacitances are taken into account the common base 
parameters are modified as ` 
Yn=g +} as jotatjocy 
ya=g +$ ge jotatjwCe 
Pag lH jote) 
ya=ga(l—$ jore) 
The input admittance in the common emitter configuration 
Y'a= Vut Yat yat z 
=g; (1—a)+jota (g12+g2)+jw (C1+Ca) (3.125) 
As ge is very small compared to g, it can be neglected in the 
imaginary terms. Neglecting g2 in the imaginary terms we have 
y'u=8 (l—a) tote ga+jw (C1+ C3) (3.126) 
y'a = — (part yi) 
=—(—gia +$ git jotet+SetF 82 jote)—jwCe (3.127) 
Again -neglecting the terms involving gs in comparison with 
the terms in gı we have 
Vor =21%—F git jote —JoCy (3.128) 
The common emitter current gain 
ya get Bit fate —joCe 
ja 1 —#)+jote gia +jo(Ci+ C2) 


a a 
writing r= and Po= a we obtain, after rearrangement 
1 


1—jo( rca Bo+1 ) 


=P, 3 B i 
1Hopo ( retre C140) Patt ) 
Ta Botl \* Lax 
Hl- AN Be ) -| (3.136) 
Ba 10289" (retrdCi+Ca) PEIN 
0 


e of B with frequency given by. expres- 
B decreases with frequency. The contri- 
e to the numerator of the expression 
o the decrease due to the increase in 
This is because of the fact that B 
quency is defined as the frequency at 
rent gain reduces to 1/./2=(0 707) 


The change in the valu 
sion (3,130) indicates that 
bution to the increase in B dui 
is negligible as compared: t 
the value of the denominator. 
is very large: The cutoff fre 
which the common emitter cur! 
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of: its -low frequency value. The cut off frequency can be evaluated 
by setting the denominator of expression (3.130) to 2 giving 


w By (set rAC,+C2) fort Nay (3.131) 
0 
as By is large Bol z1 


0 
and the 8 cut off frequency is given by the expression 
= = Po [retr C+C) 
Bot Te (3.132) 
As discussed earlier the reduction in B due to the increase in 
the denominator is much more than the increase due to the 
increase in the numerator and expression (3.130) can be written 


as 
lel, 1 í (3.133) 
Bo 10b [ta+re (C14 C2) 
If the capacitances shunting the junctions are neglected, we 
have 
1B) _ 


1 
Bo (FoRo Ta")? 
At very high frequencies w?ß,? t4? is very large compared to 1 
and we can write i 
E AEE l 
Bo aara Fop 
From the above expression it is clear that. at high frequencies 
|| is’a constant, This constant is called the gain band width 
product for the cormmon emitter current gain. -The manufacturers 
specification of transistors often gives this product. From expres- 
sion (3.134) it is also clear that the reciprocal of the gain-band 
width product is the transit time of the carriers through the base 
region of the transistor. At a frequency 1/te the common emitter 
current gain falls to unity. 


1 12 


3.7 High Current Effects in a Transistor 


When a forward voltage is applied across the base emitter 
ction (PNP transistor) the hole density on the base side of 
the emitter junction increases to a large value. The electron density 
also increases to large value as the space charge neutrality has to 
be maintained af every point. The electron density changes from a 


jun 
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large value, almost double the equilibrium value at the emitter 
junction to a small value at the collector junction. When the 
applied forward voltage makes the hole density equal to the elec- 
tron density, this large change in concentration gives rise to an 
electric field within the base region. 

The field within the base region can be calculated from the 
assumption that there is no electron current within the base 
region. The current flow equation for electrons in the base region 


Š dn 
O=Gpin nE +4Dn y 


E Da „dn. —kT dnlļdx_ (3.135) 
Pan dx q n 
As space charge neutrality is maintained at every point n=p 


d Bos L, With these changes the field within the base region 


of a transistor 
ET dp lis 
ae DP (3.136) 
The hole current within the base region under the influence of 
the field 


i — 4p. GE 
Iy=@AD> ( 4 ai p) (3.137) 


Substituting the value of E we have 


Iy=—2gAD, (3.138) 


Comparing with the expression (3.42) 


dp- 
Ip=—qAD, om 


it is clear that the value of the diffusion constant has increased by 
a factor 2 in the presence of the field. The transit time of holes 
through the base region evaluated in expression (3.98) is therefore 
reduced by a factor 2. The reduction in transit time due to the 
field does not however improve the current gain of the transistor 
because the improvement in the gain due to the field is more than | 
ofiset by the reduction in emitter efficiency: l 
When there is an increase in hole density on the base side of 
the emitter’ junction there is a corresponding increase in the elec- 
tron density on the emitter side of the junction. Expression (3:9): - 
giving the electron density on the emitter side is not a rigorous 
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expression. The correct expression for the electron density on the 
emitter-side of the junction is 5 
Mo=Moe exp A 1+2) (3.139) 
The factor pı/nos was neglected earlier as the applied voltage 
is. small and p, is much smaller than nos the equilibrium electron 
density in the base region. When the hole density on the base side 
of the junction approaches. the electron density it is clear that the 
electron: density on the emitter side increases to almost double the 
value it has under small forward voltages. This increase in electron 
density on the P side gives rise toa large electron current and 
consequently the emitter efficiency decreases to a small value. The 
Overall effect on the current gain due to decrease in emitter effi- 
ciency and decrease ‘in transit time is to decrease the current gain 
of the transistor. Added to-this there is.an increase in recombina- 
tion due to large values of hole and electron densities. 


3.8 Thermal Effects 


When a transistor carries current an amount of power equal 
to the product of the collector voltage and current is dissipated 
at the collector junction (the region where the resistance is maxi- 
mym). The power dissipated is converted to heat and the heat 
flows by conduction from the collector junction to the can of the 
transistor. As the transference of heat is by conduction the quantity 
of heat conducted away from the junction, which also represents 
the amount of power dissipated at the junction, is proportional to 
the temperature difference existing between the junction and the 


can. If T; is the junction temperature and T, the can temperature l 
the power dissipated 


Vc Ic=Pa (T;—T) (3.140) 
; T;-T, 
pendant 
Krn 


The constant of proportionality Kra depends on the geometry 
of the device and the thermal conductivity of the material in the 
path of current flow. Krn-is called the thermal resistance of the 
transistor. The junction temperature of a germanium transistor is 
not: to exceed about 50°C while the junction temperature ofa 
silicon transistor may be about 200°C. From a knowledge. of the 
can temperature and the permissible junction temperature the 
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maximum -power that can be carried. by the transistor can be 
evaluated if the thermal resistance is known. Thermal resistance 
is provided with each transistor by the manufacturer. 


3.9.1 Charge control approach to transistor action 


The transistor theory presented earlier was based on diffusion 
equations. In the solution of the diffusion equations often an 


.approximation is made stating that the applied alternating voltages 


are small. This approximation cannot be made when a transistor 
is used as a switch. The geometry of a transistor is of such a 
nature that plain diffusion equations cannot be written. Under 
these conditions a charge control approach to transistor theory is 
useful. We will present the charge control theory and use it to 
understand the working of a transistor as a switch. The hole 
density in the base region of a PNP transistor can be assumed 
to vary linearly from a maximum value on the emitter side of the 
base to'a minimum or zero value on the collector side of the base. 
On this assumption the hole density at a distance x from the 


emitter base junction has been found as pz = Pı ( 1= F j]. where 


pis the hole density on the emitter side of the base and W the 
electrical base width. The excess charge due to holes has also been 


evaluated as Q: = =- + Ip, where Jp is the hole current in the 
p 


base. In the absence of recombination the hole current in the base 
is a constant and the collector current is equal to the hole. current, 
This assumption was made earlier and the collector current of the 


PNP transistor was written down as Ic=1= =o: 
ia 
re r 5 Ww 
the transit time of holes in the base region | te = 3p, j 
p? 
base region has to be taken into 


account in a rigorous analysis. The current loss due to recombi- 
nation in the base region is proportional to the excess density of 
carriers, that is, to the charge stored and the recombination 


current can be written down as 
ape: (3.141) 


i= T, 


where 7; is the lifetime of holes in the base region. 


; where 7a is 


The recombination in the 
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The hole current at the emitter base junction is the sum of the 
collector current and the current lost due to recombination and 


= 2:1 where 4-t42) (3.142) 


Th Ta Te. 

The charge associated with electrons on the emitter side can 
be found in terms of the stored charge in the base region and the 
emitter efficiency. 

If tne is the lifetime of electrons in the emitter region and 
Qne the charge associated with electrons moving across the base 
emitter junction from base to emitter, the electron current at the 


base emitter junction Ine = Out and the charge Qne is given by 
the expression 
Q= 0 TE. 1 (3.143) 


Y 
The total charge moving across ihe base emitter junction 


TaB 1—y 
Qe = Q+ Qne = Q, Ikas Tee (3.143) 
Having calculated the total erare moving across the base 
emitter junction we can express the various currents in terms of . 
charge Qe. The collector current 


Te Q: — Qe 
Ta TnE f 1—Y 
r eee (oe 
writing 1 = ewes Heal NAET ETEA 1 
Ta ud l4 Sat ( T) (3.144) 
To Y 
Joga 2E: 


Tni 
The current p to recombination in the base region 
hu Q, — Qe 


e sie 1 aa sea (3.145) 


Electron current 4 the emitter junto 


Ine = = 


Tne \ 1-y 


ae I ES = TAR } (3.146) 
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As the emitter current is the sum of the collector current, 
current due to recombination in the base region and the emitter 
current at the base emitter junction, it can be expressed in terms of - 


the charge Qe as 


1 1 1 
fe Oa OS mt EA AEEA 
{ gy wf Tae | 1—Y 


Ti 
Writing ; 
i li + 
= — (3,147) 
wat it To ng Tar 
{i+ To Y } en = 
we have 
= Oe, Qe 
Try Tar 
E 4 
=, {3°148) 
i 
where tot 4 (3.149) 
n ‘nl ‘nr 
Under steady state conditions 
IEO (3.150) 
Tn 


3.9,2 Current gains of the transistor 


conditions the charge Qr is related to the 
r current Je by the expression 

dQe __, QF 

7 Sa TE se . (3.151) 

If @e(s) is the Laplace transform of the charge Qe), we have 

from expression (3.151) 
F(s 
sF(s) = Te -22 


Under varying 
instantaneous emitte: 


Ie(s) = F6) Ga- i (3.152) 


The Laplace transform of the collector current 
Fo) (3.153) 


POETA 


and 


100 INTRODUCTION TO SEMICONDUCTOR DEVICES 


The current gain of the transistor in Laplace notation 


=n a 3.154) 
A EEA es 
When the transistor is used A.C. circuits the current gain of 
the transistor is obtained from equation (3.154) by settIng s=jw. 


The current gain of the transistor at an angular frequency w is 
therefore 


T 
=—.. 3.155 
CESS) (aulas) 
The D.C. currént gain of the transistor & is obtained from the 
above expression by setting w = 0 


a= (3.156) 
Tarl 
æ cut off frequency 
Gas A 
The current gain of the transistor falls to Yi times its low 
‘frequency value at a frequency 
E oll” (3.157) 
Tz Ta 


We have from equation (3.109) that the current gain in com- 
mon base-configuration has a value. 

ha = —a(l— jura) (3.109) 

= —4a/(1+jorg) (3.158) 

The common base current gain as obtained from the diffusion 


equations falls to a times its low frequency value at a frequency 


o|- 


a 


Oc, = 


fi ‘ s 
The “equency at which the « of a transistor falls to 5 times 


its low frequency yalue is called the « cut off frequency. 


B cut off frequency À 
The frequency dependence of B can also be found as follows: 
Writing SS 
l—a 
we have 
ee n g 
Te io a Ga 
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At low frequencies 6, = — = (3.160) 
l é 
d =f a eee 
an B CE Ea (3.161) 


The beta cut off trequency or the frequency at which beta 


1 ‘ r 
reduces to “2 fimes its Jow frequency value is now obtained as 


l 
wg=— ` (3.162): 
nt dared es, 
n Pho "as ok Ga Ge 
wcp = s (3.162) 


pa ES 1 
e Bota 
Equation (3.162) is in agreement with equation (3.132) as 
1 
Bo =e 


3.10.1 Large signal theory 


Till now we considered the operation of a transistor in A.C, 
circuits where the alternating voltages are small compared to the 
steady voltages across the junctions. Transistors are extensively 
used for switching operations when the voltage variations across the 
junctions are very. large and the simplifying assumptions made 


earlier are not valid. 
The expressions for emitter and collector currents of a transis- 


tor used in switching were first derived by Ebers and Moll. The 
expressions are valid for large signals and are referred to as Ebers- 
Moll equations. From the expressions for the emitter and collector 
currents the off and on impedances can be calculated. We derive 
the expressions on the basis of charge control approximation and 
alternatively from the concept of four pole parameters. 

The charge crossing the emitter base junction depends on the 
minority carrier density at the edge of the depletion layer which in 


turn depends on the applied voltage. We have studied under junc- 
tions that the hole density on the N-side of a forward biased 
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. V 
junction is given by the formula pı = Po (exp rA =f ), where Po 


is the equilibrium value of the hole density and V the applied vol- 
tage. As the charge crossing the junction is proportional to the 
minority carrier density at the edge of the depletion layer we can 
write 


Qr = Oss ( exp Wes ) (3.163) 


where Qes is a constant and Ve the voltage across the emitter base 
junction. : 

Having obtained the relation between the charge crossing the 
junction and the voltage across the junction we can write down 
expressions for the emitter and collector cyrrents in terms of the 
voltages as 


(3.164) 


Tni Tni 
If the transistor is operated in the reverse manner, collector 


emitting and emitter collecting we can write expressions for charges 
and currents as 


KA ; Ve D 
Qc = Ocs{ exp Eh! ) | 
Ic = Qc/r 
Te = — Qechua | 
The reverse current gain l (3.165) 
Oy = Giftn 
7; and 7, are the time constants when ) 
| 


the transistor is operated in the reverse 
mode. f J 


With arbitrary voltages Ve and Vc across the emitter base and 


collector base junctions the emitter and collector currents of the 
transistor are 


Ie = QE Oe 
Tn Til 
6 
Ion Be Oe f (3.166) 
Ti Tm 1 


É y + 
When the emitter is open and the collector base junction is 


teverse biased, the current flowing in the collector is the reverse 
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saturation current /co. From expressions (3.164), (3.165) and 
(3.166) we obtain 
2s (len a) (3.167) 


ico = 
Similarly the emitter saturation current with collector open 
=s (1—an &4) (3.168) 
Substituting the values of Qes and Qcs from expressions 
(3.167) and (3.168) in expressions (3.165) and (3.166) we obtain 
the Ebers-Moll equations for large signals as 
«; Ico (e We i )} 


EEr Ve _ 
a 1—ay oy (exp kT ; )+ 1— ant; tg 169) 


_ _&n Teo qVve ) Ico -( We \j 
ee arn Gas pel mie, a Oe 

erive the above expressions from the 
transistor are 


Ieo = 


Alternatively we can d 
‘fact that the emitter and collector currents of a 
determined by’ the junction voltages Ve and Vc and can be 
expressed as 


Te = An exp ae al )4-4u( exp is = } 
; (3.170) 

Ve ld r 
Je- = Aax( eXP FF —1) + Azo{ exp To! j 
set of constants determining the 
and «; arẹ the current gains in 
Ico the reverse satura- 


Ay, Aw Azn and Ao. are a 
behaviour of the transistor. If an 
the normal and reverse operations and Ico, 
tion currents of collector and emitter junctions 


V; 
Te = —% Ic— Teo (exp iF -1) 


(3.171) 


i Vi { 
Ic = —4n lE Teo (exp TE —1)j 


From equations (3.170) and (3.171) the constants 4,, etc. can 


be found as 
du = oe 
A= “ne 
Az = ale 


~ [anes 
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Substitution of constants A} etc. in equation (3.170) give us 
the Ebers-Moll expressions (3.169). 


3.10.2 Transistor as a switch 


The basic circuit of a transistor switch is given in Fig. 3.12, In 
the off state the collector and emitter junctions are both reverse 
biased and the current flowing through the transistor is very small. 
The current can be calculated from expression (3.169) by setting 
Ve<0 and Vego, 

Under these conditions the col- 
lector current 
Ico—an Izo 
l— an &; 

‘Applying the auxiliary condition 
“n Teo = a; Ico from symmetrical con- 
siderations, we have 

Icom = soll seg (3.172) 
l— an & 

The off impedance of the switch 
Vc _ Ve (1—an a) Ve 
Icom Ica) ~ Teo 3-173) 

The off impedance is very large. 


The maximum collector potnteial is 
determined by the sustaining voltage of the transistor. 


Icor) = 


Fig. 3.12. 


Tg = ——“£0_, exp wre Teo _ } 


l— an a k l—a, a, 
3.174 
fe = zo xn LE Ico f ( ) 


The base current when the transistor is in the active state 


Ts = —(Is+ Ic) 
— Jeo (1—an) 
l—a, a, 
Substituting the value of Jp in thee 
the relation between /c and Tz as 


We Ico (I—a,) 
FaR kT 1a; a, 


(3.175) 


xpression for Jc we obtain 
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ite + Eca (3.176) 

The collector current of the transistor increases with the base 
current according to the above expression and the switch is in 
the active state. As the collector current increases the collector 
potential rises due to the potential drop in the resistor in series 
with the collector. The switch reaches the ON state when the 
collector potential rises to a positive value forward biasing the 
collector base junction. In this region the transistor is said to be 
saturated. : d 

The currents and voltages in the saturation region of the tran- 
sistor can easily be obtained from expressions (3.169) by setting 
Vs®0 and VcS0. The currents and voltages are 


Ic= 


O SO ge a; Ico We | 

ff Sena O ee eT 

_. ttn Jeo Ve Ico Ve | 
409 aa OT eA Oe (3.177) 

Ve = KE. jn fete Te i : 
g q “ Teo | 
RT o Ietan Te 

Ve= ca In Tð | 

As the transistor is used in the common emitter configuration 
Tg=—(le+Ic) 
and Vee=(Vc —Ve) 


The voltage across the transistor in the saturation region 
kT | Teo &n—(1—en) Ic/Ip 

Koao = og ara Eee 2 Ne 

Tne saturation voltage depends on the ratio Ic/Is. This ratio 
called the D.C. beta is nota constant but varies with the value 
of Jc. To this saturation voltage the potential drops in the bulk 
semiconductor are to be added. The voltage across the terminals 
of the transistor is a fraction of a volt and the ON resistance is 


about a few ohms. 


3.10.3 Switching times 


When the transistor is in the off state both the emitter and col- 
lector junctions are reverse biased. The switch on process involves 
bringing the transistor into the active state and the time interval 
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between the application of the base current pulse and the transistor 
entering the active state is called- the delay time. It depends on 
the time constant associated with the input resistance and the 
transition capacitance of the junctions. The delay time is quite 
short. 

Once the transistor enters the active region the collector 
current starts increasing, resulting in a fall in collector potential. 
The turn on time is defined as the time taken for the collector 
current to increase from 10 to 90% of the saturation value. It 
was calculated in ‘Introduction to Electronics’ from the equivalent 
circuit of the transistor. We now evaluate the turn on time using 
the charge control approximation. 


If Qe is the charge crossing the emitter junction we have 
already found 


dQe _ Qe 
de a 


Tn 


(3.151) 
and 


Ic = Qe 
Tar 
The transform equations forthe above are 


Te(s)= Qe (s) ( s+ = ) 


Tas) = 
nL 


(3.144) 


From the above, after rearrangement, we obtain 


Ae(s)+Icls) _ —Ja(s) 4 1 
Te(s) Tay Talai) 
and 
FOES fats) 
= Ces )-1 
As Ig is a step function we can write Is(s) = — fy and 
Ic(s)=— af i 
2 a ( s+ T j=l 
Syeh 1 
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ee tn Ta Va 
I 1 
Tc(s) = ot a 
es) Tni s (s+-wcp) 
The inverse transform of the above equation is 
r 5 . (1—exp wcp t) (3.179) 


The collector current increases exponentially with time and 
the time constant involved is 1/ecg. The rise time therefore is 
22 
22 (3.180) 
wcp 
e evaluated above does not take into consideration 


The rise tim 
nce is taken into 


the Miller capacitance. When the Miller capacita 
account we obtain the expression 


1 
t= 2.2( Gis +PRiCre \ 


If the base current is large and the pulse is sufficiently long 
the transistor is driven into saturation. In the saturation region 
the collector junctior is also forward . biased and the stored 
base charge increases depending on the base current. ý 

The off transition of the transistor switch first involves the 
removal of the excess base charge bringing the transistor out of 
saturation. The interval between switching -off and the transistor 
coming out of saturation is called the storage time. The storage 
time depends on the extent to which the transistor is driven 
into saturation. After the transistor comes out of saturation the 


coilector current decays exponentially with a time constant same 
as for the rise. The decay time is the time taken for the collector 


EERE AR 4 
DELAY RISE STORAGE 
Time TIME TIME 


Fig. 3.13. 
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current to fall from 90 to 10% of the maximum value. The base 
current and the collector current pulses are shown in Fig. 3.13. 


3.11.1 Limitations of a diffusion transistor 


The transistor we have studied has a base region in which 
the impurity distribution is uniform and the minority carriers 
injected into the base from the emitter diffuse across the base to 
the collector. As the bhigh frequency limit of performance of a 
transistor is determined by the transit time of minority carriers 
through the base, a plain diffusion transistor cannot be used at 
very high frequencies. 

The base region resistivity is optimised so that the base spread- 
ing resistance may not be large. Under the normal operating 
conditions the collector depletion layer moves into the base and 
the punch through voltage in case of a diffusion transistor is small. 
The collector capacitance and the base width modulation factor 
aW/aVc are large and the transistor cannot be used at high fre- 
quencies. 

The high frequency limit of a transistor can be raised by a 
nonuniform impurity distribution in the base. There are various 
types of transistors using nonuniform impurity distribution in the 
base. The transistors differ in geometry and are called Mesa, Micro- 
alloyed depending on the construction. These transistors are 
given a common name drift transistors as the minority carriers 
drift in the base. We will start a study of these transistors with a 
study of an inhomogeneously doped crystal. 

Consider an N-type semiconductor crystal in which the impurity 
density varies from point to point. As the impurities are all ionised 
the equilibrium electron density in the crystal is not constant. 
The concentration gradient within the crystal tends to give rise to 
a diffusion current, but this current cannot exist because the fixed 
ionised atoms in the crystal set up an electric field which opposes 
the diffusion of charge carriers from regions of higher density to 
regions of lower density. As the current in an isolated crystal is 
zero we can write the current density equation for electrons as 

O=qun n+ 4D, SL (3.181) 


where E is the electric field within the crystal and dn/dx the 
concentration gradient. 
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From equation (3.181) we find the electric field within the 
crystal 


D, 1 dn kT 1 adn 
E r = 
Pa nh ax g n ax (3.182) 
The electric field within the crystal will have a constant value 
when the right hand side of equation (3.182) is corstant 


k 
oe, AL x. — constant; 2y =—const + dx 
q n dx n 
Integrating the expression above we find that 
n=a exp (—bx) (3.183) 


where a and b are constants. From equation (3 183) it is obvious 
that the electric field within the crystal will have a constant value 
when the impurity distribution within the crystal varies exponen- 
tially with distance. As we have set the electric field Eto bea 
constant we immediately find 
dE _ d?v 
ie ae =0 (3.184) 
From the Poisson’s equation we infer that the crystal is space 
charge neutral point by point. 


3.11.2 Conditions in the base of a transistor when the impurity 
distribution changes exponentially 
We studied earlier that in the active state of a PNP transistor 
the hole density has a maximum value at the emitter side of the 
‘base and a zero value at the collector side and the holes diffuse 
through the base. When the impurity distribution in the base is 
not uniform there is a built-in field and the holes drift under the 
influence of the field. If we assume the density of donors on the 
emitter side of the base to have a value N, the donor density at a 
distance x from the emitter side can be written as 
4 Nz=N, exp (— bx) (3.185) 
where b is a constant. If N, is the donor density on the collector 
side of the base and W the base width 
N.=N, exp (--bW) (3.186) 
From equations (3.185) and (3 186) we get 
i Ny 
‘ n Wa 
writing bW =n. 
The donor density at a distance x from the emitter edge of the 


base 
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Nz=N, exp (—n/W)x (3.187) 
and the field within the base region 
kT n 
=— = .188 
E q w (3.188) 


7 is,thus measure of the constant built-in field within the base. 

In a diffusion transistor holes diffuse from the emitter side to 
the collector side and thé diffusion current density of holes is given 
by the expression 


When there is a built-in field within the base the holes drift 
under the influence of the field and the hole current in the base 
is the sum of the drift. and diffusion currents. At low injection 
levels the change in electron density within the base is very small 
compared to its equilibrium value and the built-in electric field 
within the base region may be considered to remain constant at 
the value given by the expression (3.188). However at high injection 
levels the electron density changes. appreciably resulting in a 
change in the magnitude of the built-in field. If the recombination 
in the base region is neglected and the hole current density is 
assumed. to remain constant within the base, we can write an 
expression for the hole current in the base region as 


i ; 
Jp=—qDy +45 pE (3.189) 
- Substituting the value of E from equation (3.188) into (3.189) 
we get, after rearranging 
ps a cae i 
»=—4D, ( de DWY ) (3.190) 
Solving the above differential equation with the limits p=0 at x=W 
1—exp| —2( 1-2 
JW oL ( W )] 
fe ES aad eh a le 3.191 
2 qD, n S i 


The hole density varies with the distance according to the 
above expression. On differentiating the above expression and 
rearranging. 

We have 


d 
—4D, 52 =T» exp [~ ( 1-7) | (3.192) 


The left hand side of the above equation is the diffusion 
current through the base and itis a fraction of the total current 
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density The fraction can be evaluated at different values of x/W 
and for different values of y 


“ ol = (-#)] 


1=0 a=1 z= 
0.0 l 0.36 0.02 
0.2 1 0.45 0.04 
0.4 1 0.55 0.0? 
06 1 0.67 0.2 
0.8 1 0 82 0.45 
1.0 1 1.0 1.0 


From the above table we see that whercas the current is entirely 
due to diffusion in a transistor with uniform base doping (n = 0) 
the fraction of current due to diffusion decreases as the impurity 
gradient increases. The minority carriers drift under the influence 
of the built-in field and the transistors with inhomogeneous base 
are called drift transistors. 

The high frequency limit of a transistor is determined by the 
transit time of minority carriers through the base region of the 
transistor. A quantitative idea about the improvement in high fre- 
quency response is obtained by evaluating the transit time of 
carriers through the base region of transistor. The stored base charge 
in the base region is obtained from equation (3.191) as 


Ww we Ww 
Qo = | aA dx = 4p, | 1—exp[ —n( iq) Jax 
0 


IW: n—1+exp(—n) ] 
A PE (3.193) 


nt 
The transit time of carriers through the base for a drift 


transistor 
-ORO a Wf anti) a 
= Te o E (3.194) 


The transit time of holes through the base region of a diffusion 
transistor is given by the expression 


w- . 
“= 9p, (3:98) 


It is easily seen that expression (3.194) reduces to (3.98) as 
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tends to zero. The transit time for the same base width is reduced 


by a factor 2 [Hee 7 in a drift transistor. However, 7 


cannot be increased beyond a value 6 to 8 as increase in n makes 
the electron density on the base side of the emitter junction very 
large reducing the emitter efficiency. The donor density in a 
drift transistor decreases from a large value on the emitter side 


of the base to almost intrinsic value at the collector side of the 
base. 


“3.11.3 Collector base depletion layer 


Let the donor density at the collector side of the base be Ne. 
The density increases exponen- 


§ tially as we move towards the 
emitter side of the base and the 
c donor density at a distance x 
from the edge of the base on the 
collector side can be written as 

BASE <x0 . 

orig. 3414, N = Noexp— wx (3.194) 
When a negative voltage is applied to the collector the depletion 


T spreads into the base as the collector region is heavily doped. 


laye: 


Applying Poisson’s relation we have. within the depletion layer 
a 
ay ae —qN —gNe exp ( -7 x) 
acme ie a S (3.195) 


€ 
Integrating we have 


W = 4 W f n . 
de en yP {- w* ) + consiant (3.196) 


If the depletion layer extends by an amount 3 into the base we 
ave s 


de = A when x= —8 
The constant in equation (3.196) has a value 


Constant = —E~— aNa 
€ 


N: = 
. ENSE erp I)E (3.197) 
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The potential difference existing across the depletion layer can 

be found by integrating the expression (3.197) between the limits . 

x= 0 and x = —ò 
_ W gof., nè 9 5 

ator mfi y P We he (3.198) 

If we assume that the depletion layer extends by a small 


i : è 2 ~ 
distance into the base so as to make ey small the exponential can 


be expanded to give i : 
2 
y= es (3.199) 


Solving the quadratic in è we have 


«E J eE? We 
[=> qNe F @N2 “ir qN (3.200) 


The width of the depletion layer for 7 = 0 (uniformly doped 


ga 3.20 
3 = 4] oye (3.201) 


We thus see that the depletion layer is wider in case of a drift 
r. When the width of the -depletion layer increases the 
e capacitance is given by the 


case) is 


transisto 
collector capacitance decreases as th 


A ‘ : 3 
expression C = T The collector capacitance for the drift transis- 


tor is less than for the diffusion transistor. 


3.11.4 Base width modulation factor 


We have seen earlier in this chapter that when a transistor is 
used in A.C. circuits the changes in collector voltage cause changes 
in base width and the base width change with collector voltage, 


r , x wW 
appears in the A.C. impedances of the transistor 1n the form T .. 


his factor for a drift transistor. The electrical 


We will now evaluate t 
sistor is less than the geometrical base width 


base width W of a tran 
W, and 
: W=W-5 (3.202) 


Differentiating with respect to V (the collector base voltage) 


we find 


Ww a 
Vc ~ Sore (3.203) 
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Differentiating equation (3.200) we have 


08 ( eE? 2Ve ae WE 
We T i PNA qa | qN2 
W e 
Ve eE? We \t 
awe PN?  qNz ) 
1 
= ooo (3.204) 
2VqN2 \ P 
2 
( E+ ) 
For a diffusion transistor E = 0 
aw z u2 
m = | 3.205) 
ang ae ( WaN: ) ( 


Thus we see that the factor Sy is smaller for the drift 


transistor. 
“3.11.5 - Punch through voltage 


In this section we will calculate the value of the punch through 
voltage for a drift transistor. When the punch through occurs the 
depletion layer extends throughout the base region, this voltage can 
be easily found by integrating the expression (3.197) between the 
limits 0 and —W. Integrating we find 

NW2q 1— = à 

A ee) ew (3.206) 

EW is the potential difference required to overcome the built-in 
field and this is very small and can be neglected in comparison 


with the first term. The punch through voltage for a drift transistor 
is thus 


Wq {n= = 
y= Ae lten) tepl a} (3.207) 
The punch through voltage for a diffusion transistor can be 
found by setting » = 0; when this is done it is seen that the punch 
through voltage has a value 4 
! v= st (3.208) 
Comparing equations (3.207) and (3.208) it is obvious that the 


punch through voltage for a drift transistor is higher than for a 
diffusion transistor. 
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Summarising, the drift transistor has the following advantages 
over a.diffusion transistor: 

1. Lesser transit time. 

2. Lesser collector capacitance. 

3. Small value for dW/dVc. 

4. ,Larger punch through voltage. 

However the drift transistor has th 

1, The emitter efficiency is lower as t 

side of the base is large. 


e following disadvantage: 
he doping on the emitter 


Important Expressions 


Emitter Effici = 
mitter Efficiency PEE 


For 
Ico 
E 
Sustaining Voltage = Va (1—2)! 
EI, 
Stored. Base Charge, Q= 2D, E 


ters in Common Base Configuration 
2 


gle : 
yu = BE ( 10 3D; ) 

agle f 114 w? 
Ja. = KT ( 1° 6D, 


y-parame 


y2 = W 


ale W SENA il ae 
yey Fl ie 37) 
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: A we 
Transit time of holes through base region = ta = 2D, 


Common Emitter 4-parameters 


hn = Soa 
- Bi) +jugyts 
& g2 To 
Say 


fa = 55> (1 ~ sora) 


hea = gn (1+ = 


—a 
Em = g2 + jBg Ta 


% cut off frequency wc, = + 
d 


Jora) 


P cut off frequency wcp = 


1 
Bota 
Ebers-Moll Equations 


= lk We Ico We 
Ie = Tae (exp ET -1)+ (exp —1 


1— ana kT 
— _%lJEO aVe oR Ico _ We _ ) 
Ic= Denar (exp ET 1)- a (exp ET 1 


OFF Impedance of a Transistor Switch = PATa: 
Ico(1—a,) 
KT | Igo an—(1—e OLE 
Ve mes, es —_, n n 
CE(sat) q l Ico 1+(1—a)Je/fp 
Rise Time t, = 2,27 = ae 
wcp 
Transi: Time of Minority Carriers in a Drift Transistor 
At lite n—1+exp(—n) 
D, n? 


Questions 


a 


13. 


14, 


15. 


16. 


17. 
18. 


19. 
20. 
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Draw a neat circuit diagram of the set up you use for 
determining the common base characteristics of a transistor. 
Draw typical curves and give necessary interpretation. 

Why is the current in collector larger than the reverse 
saturation current when the base lead is open? 

Discuss the characteristics of a transistor in the common 
emitter configuration. 

What is (a) punch through, (b) sustaining voltage. 

Show that two-thirds of the stored charge resides on the 
junction capacitance of a transistor. 


. Assuming that two-thirds of stored charge resides on the 


junction capacitance evaluate the common base y parameters 
Yu and Yor. 

Explain how Early effect gives rise to the output admittance. 
Evaluate the common base y parameters joo and yi2. 

Evaluate the transit time of minority carriers through the’ base 
region of a transistor. 


. From the defining equations of the y parameters construct an 


equivalent circuit of a transistor. 

Define the various ‘h’ parameters and relate them to the 
various elements in the equivalent circuit of a transistor in 
the common base configuration. 

From the defining equations obtain the relationships between 
common base and common emitter y parameters. 

Draw the equivalent circuit of a transistor in the common 
emitter configuration and relate the various components of 
the equivalent circuit to the ‘h’ parameters. 

How does the common emitter current gain vary with fre- 
quency? Obtain the relation between the cut off frequency 
and the transit time. 

Show that the transit time of minority carriers reduces by 
50% when the current through the transistor increases to a 
high value. Does it mean that the current gain increases 
considerably when a transistor is operated at high currents? 
What do you understand by thermal resistance of a transistor? 
Evaluate the « and $ cut off frequencies using the charge 
‘control concept. 4 

Derive Ebers-Moll equations for a transistor. 

Evaluate the OFF and ON impedances of a transistor switch. 


118 
21. 


22. 


23. 
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Explain the various switching times of a transistor switch. 
Evaluate the turn on time. 

Evaluate the transit time of minority carriers oma the base 
of a drift transistor. 

Evaluate the base width modulation factor of a graded base 
transistor and compare it with the base width modulation 
factor of diffusion transistor. 

Evaluate the punch through voltage of a graded base transistor 


and compare it with the punch through voltage of a diffusion 
transistor. 


4. Junction Field Effect Transistor 


in the last chapter is based on the 


control of minority carrier flow within a small region called the 
base. In a field effect transistor the majority carrier flow in the 
bulk semiconductor is controlled by varying the sectional area 
through which carriers flow. This variation in sectional area is 
accomplished by controlling the movement of the depletion layer 
into the bulk semiconductor under the influence of a reverse 
voltage existing between the bulk semiconductor and a neighbour- 
ing layer of oppositely doped semiconductor material. The field 
effect transistor resembles a triode in which the electron flow from 
the cathode to plate is controlled by the potential on the grid. 
However, the electrical characteristics of the triode and the field 
effect transistor do not show much resemblance as the flow of 
carriers in the transistor is controlled by a change in resistance 
due to a change in sectional area through which the carriers flow. 
In the following few pages we will study the construction and 


some basic properties of the field effect transistor. 


The transistor studied 


4.1 Structure of a Field Effect Transistor 


js manufactured by depositing a thin 
N-type epitaxial layer on a heavily doped P substrate. A heavily 
doped P layer is again deposited on the V epitaxial layer. Contacts 
are made to the ends of the X filament sandwiched between two 
heavily doped P regions and also to the P regions on either side of 


The field effect transistor 


120 INTRODUCTION TO SEMICONDUCTOR DEVICES 


SOURCE 


Fig. 4.1, 


the N filament. The N filament is called the channel. Majority 
Carriers—electrons flow from one end of the channel to the other 
end. The.end from where the electrons move is called the cathode 
orthe source and the end of the channel at which the electrons 
are collected is called the anode or the drain. The P 
either side of the channel are called gates. We no 
channel field effect transistor. B 
a heavily doped N substra 
formed. 


regions on 
w have an M 
y depositing a P epitaxial layer on 
te a P channel field effect transistor is 


4.2 Characteristics of a FET, | 


The channel current o 
depends on the drain an 


width of the depletion layer 
difference between the lay 
difference is applied to th 
established through the cha 
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operation of the transistor is referred to as ohmic or linear region. 
When the drain voltage reaches a value so that the depletion layer 
spreads throughout the channel, the channel is pinched off and the 
current saturates. After the channel is pinched off the channel 
current is almost independent of the gate- voltage till the transistor 
breaks down. The drain potential controls the pinch off as it directly 
affects the voltage across the P and N regions and hence controls 
the width of the depletion layer. The saturation current is thus a 
function of the gate potential. The variation of the saturation 
current with the gate potential enables the use of FET as a 
control device. The device is also operated in the ohmic region 
when it functions as a controlled resistor. 


Fig. 4.2. 


The channel current, drain voltage characteristics are as 
indicated in Fig. 4.2. - 


4.3 Analytical expressions for the channel current 


The variation of the channel current with the drain and gate 
potentials can easily be calculated for a symmetrical transistor in 


x P REGION - GATE 
m ; 
a Dre a—4 DEPLETION 
Z SOURCE! ~! LAYER 
j ILa L IJ ORAN 
0 Y t 


Fig. 4.3. 
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which the gate regions are supposed to extend over equal areas , 
on either side of the channel. As the areas are symmetrical we can 
consider half of the channel with a gate on one side. 

Let the semi-thickness of the channel be a, length L and 
width Z. 

Remembering that the width of the depletion layer of a PN 


junction is given by expression x = 5 V. We find that the 
channel pinches off for a voltage V, such that 
Ir 2e (4.1) 
5 TE & 
The pinch off voltage is given by the expression 
(Njega Pe 
n=( o) e= hea (4.2) 


where ¢ is the charge density in the channel. 

The potential difference between the N and P regions at a dis- 
tance y from the source is Vz;+-Vy+ |V, | where Vz; is the built-in 
potential across a PN junction, V, the gate potential (the gate 
potential is always negative for an N channel device) and V, the 


potential at the point in the channel. The depletion layer thickness 
x is given by the expression 


2e \b2 
x=(4) + Vt V+ 1 Vy [EE 


+h 1/2 

= af Hot Pt | Yo | j (4.3) 
D 

Due to the spreading of the depletion layer into the channel 


the channel thickness is reduced. The semi-thickness of the channel 
at distance y from the source is 


4 h=(a—x) = a[1— ( Anoak | Vs | ye] (4.4) 
; A d 
and the resistance of a length dy, the channel dR is given by the 
expression 
-V 
dR = Zs (4.5) 


where o is the conductivity of the channel material. The-factor 2 
appears in the denominator as the channel thickness is 2h. 


If Z is the channel current the potential drop across a length 
dy of the channel dV is obtained as 
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Substituting the value of 4 from expression (4.4) and rearrang- 


ing we have 
Idy 2Zoa[ 1 jie ea alt y |v 


Integrating along the length of fhe. chante! we have 


312 3e 
IL = Zod va- yard EA +VatVu) — (sev) H 


(4.6) 


is the conductance of the N channel when the channel 


2Zoa 
L 


thickness is not changed by the movement of the depletion layer 


=G. 


.,. 2Z0a 
and we can write 


Substituting the value of G in expression (4.6) we have 


3/2 3/2 

1=6[¥%- Pal 1 Vo | Vato | A | Yo | tra] }] 

(4.7) 

The two regions of operation of interest are the ohmic region 

when the -drain voltage is very small ànd the saturation region 
when the current becomes constant. 

In the ohmic region Va is very small. Expanding the bracketed 

term in expression (4.7) we have 


1/2 
E EAN as 


The channel current is conti ) the drain voltage and the 
conductance of the channel in the ohmic region is given by the 


expression ` 
1p 
g= e[1-( ( Va | Pep ate) | (4.9) 


From the above expression it is obvious that the channel 
conductance is a function of the gate potential which determines 
the width of the depletion layer. The conductance decreases with 
the increase of the gate potential. When (| Vo | +V.:) equals V, 
the channel is pinched off completely resulting in the conductance’ 
becoming zero. The transistor is said to be ‘turned off.-The turn 
off voltage is given by the expression 

Vr=Vo—Vioi (4.10) 

As is evident from the above discussion the FET when 
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operated in the ohmic region behaves as a resistor and the resistance 
value can be changed by the gate potential. 

The current reaches a maximum value when the channel is 
pinched off and the pinch off occurs when | Vy | +VatVor=Vo- 
Substituting the pinch off condition in (4.7) we obtain the expres- 
sion for the saturation current 


$ 3/3 
Tat = qv; 2 p4 $r Pee ) | (4.11) 


4.4 Transconductance 


The current in the channel is dependent on the gate potential 
as the gate potential changes the width of the channel. The 
transconductance of the transistor is defined as 


Vatconst) (4.12) 


The transconductance of the transistor can be found by 
differentiating (4.7) as 


A teat | Vo) +VatVox y! ( LARI ai 
e e (tee tee ) (4.13) 


D 


pe ol 
CS Soa cy 


The negative sign for the transconductance indicates that the 
current decreases with increase in | V,|. This is expected as an 
increase in the gate potential widens the depletion layer and the 
channel width is reduced. The transconductance in the ohmic 


region can be obtained from expression (4.13) by expanding the 
bracketed term as 


~ Va P ; 
8m=3G AAE (linear region) (4.14) 


The transconductance in the saturation region is obtained by 
setting (V, +Va+V nu) =V, as 


i Pen gaya 
gm =—G 1- (Pe thu) | (4.15) 


D 
Comparing, expressions (4.15) and (4.9) we notice that the 


transconductance in the saturation region equals conductance in 
the linear region. 


4.5 Non-uniform Impurity Distribution in the Channel 


We have till now considered the voltage current relationship 
for a field effect transistor with uniform doping density in the 
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channel. Field effect transistors are also manufactured by the 
process. of diffusion just as bipolar transistors, in which case the 
impurity density in the channel does not remain constant. We now 
consider an extreme case in which the impurities are concentrated 
on the side of the channel opposite to the gate layer (delta 


distribution). 


SOURCE 4X DRAIN 


<= GATE 
e — —-——-l-- mm LAYER 
Fig. 4.4. 


Consider a channel of width a having impurities concentrated 
on one side of the channel. If p is the charge density of the mobile 
carriers per unit volume in the channel the charge density of ionised 
impurities on one sidé of the channel is pa per unit area. When a 
depletion layer is formed the field intensity within the depletion 


layer is a as it is assumed that the charges are concentrated on . 


one side of the channel. The potential Vy at a point distant y from 
the source is given by the expression 
Vy= 22+ x ` (4.16) 


G 


The channel pinches off when x=a, therefore the pinch off 
voltage for delta distribution 


2 
n= E (4.17) 
[Compare with the, pinch off voltage for uniform distribution 
expression (4.2).] 
The channel width at a distance y from the source is 


is eee, ) 
h=a-x= a( A e 
and the resistance dR for a length dy of the channel is 
_ ey 
dR= TZ 


and the potential change across a length dy when a current J flows 
through the channel is given by the expression 
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Tedy 

Vy 
Za{ 1— 5 ) 
Rearranging and integrating over the length of the channel we 


have 2 
= Bv ap ff rera fra) 
m= ef y, ar { Fat | Vol s 


The current saturates when Va-+ | Fo | =F, and the saturation 


IdR = 


=dV 


current 
— 2a (Vo Vas ) 
Ia = 2 =| F| t 2V, 
_ ZaV, ies Il is (4.18) 
2Le Vy - 
V1 \ 
The saturation current is directly proportional to (1- | A ) 


and the device functions as a square law device. 

It has been stated in ‘Introduction to Electronics’ that the 

saturation current lasat is related to the saturation current when the 
gate potential is zero (Tass) by an expression (2.78) 

F, 2 

Tasat — Tass- (1- 17:1 ) 


p 
The expression immediately follows from expression (4,18), 


4.6.1 Junction breakdown 


When the drain potential is increased to a large value the 
tion breaks down and the current steeply increases, As the 
kdown occurs near the drain where the potential difference 
across the junction is maximum, the breakdown voltage is related 
to the gate and drain Voltages by the expression 


Var = |V; | Va (4.19) 


junc! 
brea 


4.6.2 Input impedance 


As the gate is the input terminal the input impedance is the 
parallel combination of the Tesistance of a reverse biased junction 
and the transition capacitance of the junction. 


The input current to the device is given by the expression 
= eM pe 4.20 
L=], [exp Beg 1] (4.20) 
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where J, is the reverse saturation current of the reverse biased 
junction, n has a value 1 where there is no carrier generation 
within the depletion layer (n becomes 2 when there is carrier 
generation). The incremental resistance 


aw, ) nkT 

m= (a l= 21 

ra= (a= vaD Cran 
The incremental resistance is of the order of a few hundreds of 


megohms. 
The input capacitance is the capacitance of the reverse biased 


junction and its value is the same as that of a parallel plate 
capacitor. The area is ZL and the separation between the plates 
is the width of the depletion layer. We can take the average width 
of the depletion layer W and write an expression for the capaci- 


tance as 
deaa (4.22) 


The capacitance decreases with the increase in gate and drain 
potentials. The capacitance is a minimum when the depletion layer 
into half the channel. The minimum capacitance is 


spreads 
therefore 
ZL 
Cimin = = (4.23)- 


4.6.3 Response time of a field effect transistor 


‘When the gate potential changes the charges on the gate side 
and channel side of the depletion layer change, The change in the 
charge on the channel side of the depletion layer is associated with 
a momentary current. The response time is the time during which 
the momentary current flows. The response time can be calculated 
as the ratio of the charge to the current. The change in the charge 

. due to a change 5V, in the gate potential is ôV, + C,. The channe’ 
current due to a change in gate potential is &m 8V,. Therefore the 


response time 


= Cy Vo = Co 
an EmôVo T Em eas) 


The high frequency limit of operation of the device is reciprocal 
of the minimum response time and is therefore obtained as 


-Er (4.25) 


Omax = 
a Cmin 
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ya eZ 
a ~s 
The transconductance is given by the expression (4.15), its 
maximum value is the conductance of the channel G ` 
2Zca _ 2ZNa > pna 
IN E 
Substituting the maximum value of g,; and minimum value of 
C, in expression (4.25) we obtain the high frequency limit 
= 2 
Amb ee (4.26) 
The high frequency limit is determined from the channel dimensions 
and the mobility. As the mobility of electrons is more than that of 


holes the high frequency limit of X channel FET’s is higher than 
that of P channel FET’s, 


8m(max) = G = 


4.6.4 Incremental conductance of the channel 


RINCH-OFE POINT oJ 


Fig. 4.5, 


4.6.5 Series resistances 
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Si pw Gy D 
= = 


CHANNEL 


DEPLETION LAYER 
Fig. 4.6. 


In the linear region of operation the series resistances add to 
the resistance of the channel and the observed channel conductance 
& obs) in the linear region is related to the channel conductance g by 


the expression 
(obs) = TERRE (4.27) 
In the saturation region of operation the drain resistance has 
practically no effect but the source resistance R, affects the mutual 
conductance gm. This is so because the actual voltage appearing 
across the gate and channel V, is the sum of the applied voltage 
V app!) and the potential drop in that part of the channel between 
the source contact and the edge of the depletion layers on the 
source side. The actual gate voltage is Vp = Vocappiy-+Ve, where V, is 
the potential drop across the source resistance. 
Vo = Votappiy—Va 
ope Wear 
Vaapo  d(¥,+V.) 
I 
av, dV, 
ar tat 


Snobs) = 


= (4.28) 


Equivalent circuit of FET 
A FET is generally used in the common source configuration 
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as an amplifying device. It is first brought irto the active state by 
proper biasing and the signal is applied to the gate terminal. The 
equivalent circuit of a- FET can easily be drawn from its physical 
behaviour. 


Fig. 4.7. 


The gin and C,, represeat the input impedance and the reverse 
biased gate channel junction. The oa and Cpa are the incremental 
gate drain conductance and the gate drain capacitance. The gm Vo 
is the current generator Tepresenting changes in channel current 
caused by changes in gate potential. The ge, and Cy; represent the 
output conductance and capacitance between the drain and source. 


The output conductance is due to the movement of the pinch off 
point. 


Important Formulae 
Pinch off voltage = a uniformly doped channel 


Delta distribution of impurities in channel pa®/e 
Channel Conductance g = G [a —( Leet P | 


Vy 
Saturation Current 


3/2 
lasa = G [7-4 Foie V, (Zg ) ] 
3 3 
I y, 
Transconductance gm = -— x 
Se = 7 OVI, | tee 
AV,; \U2 
Entao = -e[1-( 77 ) . | 
fig STAT. 
q+.) 
Maximum Frequency of Operation 2Nebna2/eL? 
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Questions 


Ts, 


2s 


What is the basic difference between a JFET and a bipolar 
transistor? 

What is meant by ‘pinch off’? Derive an expression for the 
pinch off voltage when (a) the channel is unifermly doped, 
(b) when the impurities are concentrated on one side of 
the channel. 2 
Distinguish between linear and saturation regions of 
operation. 

Derive an expression for the conductance in the linear 
region. What is meant by ‘turn off’? 

Evaluate the transconductance in the saturation region. 
Show that a JFET having a channe! heavily doped cn one 
side behaves as a square law device. 

What is meant by response time of a FET? Fird an ex- 
pression for the high frequency limit of f operation, 

How does the series repistangrs effect the performance of 
the FET in (a) linear region, (b) saturation region? 


5. MOSFET 


In this chapter we study an extensively used semiconductor _ 
device—Metal Oxide Semiconductor Field Effect Transistor also call- 
ed the Insulated Gate Field Effect Transistor—IGFET. This transis- 
tor is easily fabricated in an integrated form and offers several 
advantages over other transistors. Moreover the theory of operation 
is of great interest to research workers as it is related to the surface 
properties of semiconductor surfaces. Extensive research is being 
done on surface properties and one of the surfaces studied exten- 
sively is the thermally oxidised- silicon surface. One reason for the 
study of thermally oxidised surface is the ease with which it can be 
formed, When a semiconductor has an oxide layer formed on it the 
impurities are a minimum and hence less complications. We first 


study the surface properties of an oxidised silicon surface and 
later the operation of MOSFET. 


5.1.1 MOS structure 


The surface properties are normally studied on a simple 
structure called MOS (MIS). The structure is fabric: 


ated by forming 
athin oxide. layer- 


of known thickness on a P or N type substrate. 
The surface of the oxide is metallised and contacts are made to the 
substrate and metallisation. 

For theoretical study we consider an ideal MOS structure 
in which there are no charges present in the oxide layer. The 
work function differences are also neglected. The effects of 
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charges in the oxide layer and work function differences will be 
considered in a later section. 

Under equilibrium condi- 
tions in an ideal structure the 
energy bands in the semicon- T 
ductor.are straight. This con- SEO ray Neer 
dition is referred to as.a flat band Fig. 5.1. 
condition (Fig. 5.2a). 

When a potential difference is established across the structure 
making the metal side (gate) negative, a negative potential appears 
at the interface separating the oxide and ‘semiconductor. Under the 
influence of the electric field set up near the surface, electrons 
move away from thé interface increasing the hole density at the 
surface. This accumulation of holes is interpreted as due to the 
bands bending upwards; the Fermi level being straight (the Fermi 
levél is not disturbed as there is no current flow in the semi- 


conductor). The band diagram is given in Fig. 5.2b. 
xe 
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e is made positive, t 4 } 
When the gat surface. Under the influence’ of 
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m ija? e e ns move towards the oxide layer and the 
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PEN eased. The bands bend d A 
Be el * ye be assumed that within a small region near, 
thé Aue “aici are 00 mobile carriers and'aidepienon layers 
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formed. The depletion approximation is confirmed by experiments 
on the structure, as will be scen later. On the basis of the depletion 
approximation we can say that the electric field exists within the 
depletion layer only and there is no electric field in the bulk semi- 
conductor to the right of the depletion layer. 


If V, is the potential drop across the depletion layer its width 


can easily be found as 
2eV. 
= = * 2.16) 
i y qN, ( 


As the gate voltage is increased the potential drop across the 
depletion layer increases, and the depletion layer widens, When -the 
potential drop becomes equal to the Fermi potential ọ, the semi- 
conductor at the, surface becomes intrinsic. The width of the 
depletion layer increases till the potential drop across it becomes 
equal to 2?,. In this condition the bands are bent to an extent the 
mid band energy level goes below the Fermi level. As the Fermi 
level is above the mid band energy level the semiconductor surface 
changes to X type and an inversion is said to occur. When inversion 
occurs electrons accumulate at the surface layer and any further 
increase in gate potential only increases the electron concentration 
at the surface without changing the width of the depletion ayer. 


The maximum width of the depletion layer can easily be found 
from expression (2.16) by Setting 


V,=29,, 
Xa(max) = r “Pe (5.1) 


The width of the- depletion layer can be Telated to the gate 
potential as the charge on th s 


i cha c e semiconductor side of the oxide 
layer is due to ionised impurity atoms, If xis the width of the 
depletion layer the charge per unit area on the semiconductor side 
is qNax and the potential differ 


where. i isate capacitance per unit area of the oxide layer. The 
potential difference across the depletion | i rom 
expression (2/16) as ayer is found fi 


The gate potential 
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Solving the quadratic in x we have 


2 (a4. 2V CO” 
x al try) 14 2 } (5.2) 


Expanding the square root in the above expression we can 
approximately find the width of the depletion layer as 


ae) V,Co 
x= ON, (5.3) 


The width of the depletion layer is approximately proportional 


to the gate potential. 
The value of the.gate potential for which an inversion layer 


is formed can be found by substituting the value of x from (5.1) in 
(5.2). 


5.1.2 Investigations on the MOS structure 


The properties of the MOS structure are investigated by 
capacitance measurements on the structure. 1f C and Co are the 
acitances per unit area of the structure and the oxide layer, the 


cap 
ratio of C to Co is given by the expression 
€ 1 
EE 6.4) 
I+ On 


pletion layer. 
n layer Ca per unit area is 
pression (5.2) we find 


where Ca is the capacitance of the de 
The capacitance of the depletio 
</x. Substituting the value of x from ex 


C (5.5) 


The ratio C/Co decreases with the gate potential according to 
the above expression and reaches a minimum value when an 


inversion iayer is formed. 
After the formation of 
layer due to electrons at the i 


f the inversion layer we have a charged 
nterface and we have also to take into 
consideration the carrier generation and recombination within the 
depletion layer of the field induced junction. When measurements 
on the structure are made at & low frequency there is enough time 
for the inversion layer charge to follow the incremental changes in 
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OXIDE THICKNESS 4725.4 
Ng2t45.% 107? met -3 


3 4. Sia 7 8 
ind oe Va VOLTS 


3 


Fig. 5.3. 
Na=1.45x 10°2 met-3; ny=1.45 x 1016 met-3 


?p=0.3594 V; einv=0.719 V; oxide thickness 1.725% 
Co=2x 10-4 farads 


Xa(max)=2,532x 10-7 m; V,(iny)=3.66 V 


VY)  ClCo 

1 0.866 4 0.655 
2 0.775 5 0.6128 
3 0.707 

3.66 0.6714 


ee S 


gate potential and the structure appears to have a capacitance 
equal to the oxide layer. The ratio C/Co increases to unity as the 
gate potential is raised. For silicon it is found that the above 
phenomenon occurs in the frequency range 5 to 100 Hz. 

When measurements ‘are made at a high frequency there is not 
enough time for the charges in the inversion layer to change and 
the structure capacitance remains constant at the minimum value 


s-LOW FREQUENCY 


HIGH FREQUENCY 
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and is dependent on the potential. The variation of C/Co with fre- 
quency and gate potential are shown in Fig. 5.4. 


5.1.3 Departures from ideal 


The flat band condition assumed for the MOS structure implies 
that there is no potential difference across the oxide layer. This is 
possible only when the metal and semiconductor work functions 
are equal. (The work function for a material is measured from the 
Fermi level to the vacuum energy level which is taken as the 
reference.) If the work functions of the metal and semiconductor 
are not equal there is a potential difference across the oxide layer 
and the bands in the semiconductor are bent at the edge of the 
oxide layer. 

VACUUM LEVEL 


At METAL A 
il 
2 P-TYPE SILICON 


bt 
IDEAL CASE “y= "5 
(a) (b) 


VACUUM LEVEL 


Fig. 5.5. 
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function Pms. lt depends on the metal used for the gate and the 
substrate concentration in the semiconductor, 


Value of ọms—silicon MOS structure in volts 


Substrate AiSiOzg AISiO3 AlSiO, AlSiOg 
concentration —N type —P type —N type —P type 
silicon» silicon silicon silicon 
1020 —0.36 —0.82 +0.54 -+0.08 
1021 —0.3 —0.88 +0:6 „_ +002 
102? —0.24 —0,94 +0.65 —0.04 


1028 —0.18 —1.00 +0.72 —0.1 


5.1.4 Effect of charges 


During the process of fabrication charges are trapped in the 
oxide layer and there are also surface charges at the oxide semi- 
conductor interface. These charges induce image charges in metal 
and semiconductor and the bands are bent at the interface. As the 
flat band condition envisages the bands to be flat at the interface 
the flat band voltage is the sum of the voltage necessary to 
compensate the work function difference and the voltage necessary 
to remove the charges from the semiconductor and. the surface 
charge. 


METAL 


SEMICONDUCTOR 


Fig. 5.6. 


If a positive charge Q is concentrated at a distance x from the 
metal layer it induces image charges in the metal and semiconductor. 
The image charge in the semiconductor can be removed by applica- 
tion of a voltage V to the gate so that the field lines due to the 
fixed charge Q terminate on the metal and do not penetrate the 


semiconductor. The voltage V is related to the charge Q and its 
distance x by the expression 
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eg ey TO 
V= z, Se Gy (5.6) 
If the charge is arbitrarily distributed in the oxide layer the 
voltage needed to remove the image charge from the semiconductor 


Pie eae ae ©. o(x)dx (5.7) 


where p is the charge at a deans x from the gate. 

In addition to charges in the insulator there is a sheet charge 
present at the oxide semiconductor interface. This sheet charge is 
due to ionic silicon entering the oxide during oxidation and anneal- 
ing It is fixed and is often located at a distance of about 100 A 
from the oxide semiconductor interface. It is independent of the 
oxide thickness and is a strong function of oxidation and annealing 


conditions. 
If Q,, is the surface charge the voltage necessary to remove the 


charge 


pir Os 
v= Co (5.8) 
The flat band voltage is now obtained as 
Xo 
ES L ETSE EN PEAN 
VFB = Pm. Gis Al x e(x)dx (5.9) 
0 


5.1.5 Determination of flat band voltage 


The theoretical curve giving the relation between C/Co and gate 
potential is displaced as the bands are not flat for zero gate voltage. 


FLAT BAND VOLTAGE 


2 
Vy VOLTS 
Fig, 5.7. 
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The experimental curve is displaced and the displacement of the 
experimental curve from the theoretical curve enables the determina- 
tion of the flat band voltage. 


5.1.6 Effect of surface states ‘on the capacitance— gate 
voltage characteristic 


We know that the bands in the semiconductor near the oxide 
layer are bent when the gate potential is changed. If there are 
energy states within the forbidden gap the probability of their 
occupation depends on the energy separation between them and 
the Fermi level which remains constant. When the bands are moved 
up the energy difference increases resulting in the states becoming 
vacant. When the bands are moved down the states are filled with 
electrons. Thus we see that there is a charge exchange between the 
surface states and the semiconductor when the bands are bent. The 
states whose charge can readily be exchanged with the semiconductor 
are called fast states. 


“When fast states are present the Capacitance gate voltage 
characteristic shows kinks as in Fig. 5.8. 


1 EXPERIMENT ,NO FAST STATES: 
cL THEORY | 
Co EXPERIMENT 
FAST STATES PRESENF 
o 


— GATE VOLTAGE 


Fig. 5.8. 


5.2.1 MOSFET 
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islands and the metallisation. One of the N islands, is called the 
source, the other the drain, and the metallisation the gate, One 
obvious advantage of the fabrication is that no isolation is needed 
between units. 


5.2.2 Channel formation—turn on voltage—channel conductance 


Fig. 5.9. 


From the fabrication we find that there are two PN junctions 
connected back to back between the two N islands and the conduc- 
tance between islands is zero. If the gate potential is made suffi- 
ciently large and inversion layer is formed at the surface, the two 
N islands are connected by a conducting channel. The gate potential 
at which the inversion layer is formed is called the turn on voltage. 
The turn on voltage can easily be calculated from the fact that the 
surface potential when inversion occurs in Giny. The charge in the 
depletion layer has a maximum value Ọs per unit area and the 
potential difference across the oxide layer is —Qp/Co, where Co is 
the capacitance per unit area of oxide layer. The turn on yoltage is 
now obtained as 

Vj = E Lony 65.10) 

If we take the flat band voltage into consideration the effective 
gate potential is V,—Vrg. Equating it to the turn on voltage we 
have 

V, =Vre+V; (5.11) 

The gate potential at which the channel is formed or the turn 

on voltage when the flat band voltage is taken into consideration is 


y= Peat Pim — 22 (5.12) 


= Vret Pin (5.12 a) 
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Qs 


The turn on voltage can be written as Vrs+iny when Co 


can 


be neglected. 

If the flat band voltage is negative and greater than inv a 
channel is formed below the cxide layer even when the gate is at 
zero potential. í 

It was found earlier in this chapter. that once the inversion layer 
is formed increase in gate potential causes an increase in the 
inversion layer charge, width of the depletion layer remaining 
constant. The charge in the inversion layer when the gate potential 
is raised to make V, greater than V; can easily be found. Once the 
inversion layer is formed the surface potential remains at a constant 
value 9i,, and the potential difference across the oxide layer is 
(V5—Vre— inv ). If Co is the capacitance of the oxide jayer per unit 
area the charge on the semiconductor side of the oxide layer per 
unit area is —(V,—Vrg—9iny)Co. This charge is the sum of the 
charge in the inversion layer and the charge due to ionised impurity 
atoms in the depletion layer. If @,, is the charge per unit area in 
the inversion layer we can write 

Qn = —(V—Vre—inv) Co— Qs (5.13) 

The conductance of the channel formed between the source 

and drain can be easily found. If it is assumed that the potential 


difference between the two N islands is small the conductance of the 
channel 


g= 2 f o(x)dx 
0 


where o (x) is the conductance of the channel at a cistance x -from 
the oxide layer. 


oix) = GH ani(x) 
pose n(x) is the density of electrons at a distance x from the oxide 
layer, 


Z A 
E a Al qtan(x)dx 
0 


=2..o, (5.14) 


Substituting the value of Q, from expression (5.13) in (5.14) we 
- have, after using expression in (5.12) 
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g = ZAC y, v4 6.15) 

Consider a MOS structure with a substrate doping 1.45 x 10°? 
met`3. Let the oxide layer be 1000 A thick. Under these conditions y 

Co = 3.45x 10-74 farads, inv = 0718 V, Qs = —5.873 Xx 10-4 

coulombs. Qs/Co = —1.701 V. The work function difference for 

AISiO, P-type silicon is —0.94 V. Therefore the turn on voltage 
ZnCo_ 

E 


= VrB+ Finv 2 _ 2.46 V. The relation between e] and 


Co 
„Va—V; is plotted in Fig. 5.10. 
We thus see that the conductance is directly proportional to 
the gate potential. The experimental result showing the relation 
betweer. the gate potential and channel conductance is a straight 


line graph. 
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Fig. 5.10. 


Often during investigations on the structure the conductance 
becomes zero for a negative value of the gate potential. This happens 
because the flat band voltage is negative and has a large value 
compared to the turn on voltage 7. 


Principle of operation of MOSFET 
It was stated in the last section that a conducting channel 


exists between the source and drain even when the gate potential 
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is zero if the fiat band voltage is negative and larger than the 
inversion voltage. If the drain is made positive relative to the 
source a current flows through the channel and the channel current 
increases with the drain voltage initially. However, with the rise in 
drain potential there is a rise in channel potential and the channel 
pinches off (disappears) ‘when the drain potential becomes equal to 
the flat band voltage. When the channel pinches off the channel 
current reaches a maximum or saturation value. The saturation 
current depends on the voltage at which the pinch off occurs and 
also the conductance of the channel. If the gate potential is 
increased the pinch off occurs for a larger drain voltage and the 
channel conductance is also reduced so the saturation current 
increases with the gate potential and the device is said to operate in 
the enhancement mode. Conversely if the gate is made negative 
the saturation current decreases and the device operates in the 
depletion mode. A device can be made to operate exclusively in 
the enhancement mode by making the flat band voltage less 
negative. Under this condition the source and drain are separated 
by a p-region. A channel is formed when the gate potential is made 
positive and the saturation current increases with the gate voltage. 
A device can also be made exclusively depletion type by diffusing 
a thin N-type surface layer between the drain and source. The 
characteristic curves of various types are given below. 
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Fig. 5.12. 


Current voltage relation 
Consider a MOSFET having a channel of length Z and width 


Z. Let a current J; flow through the channel when the drain 
potential is Va and gate potential V;. If Vy isthe potential in the 
channel at a distance y from the source the surface potential 9,()) 
at the point is (? inv+-Vz) as the channel is formed, The potential 
difference across the oxide layer is [V;—Vrs—% (y)] and the 
charge per unit area in the semiconductor at a distance y from the 
source 
OAy)=—(V—Vre—%s (y)]Co 
This charge is the sum of the charges in the channel @,()) 
and the depletion layer charge Qs (y). Therefore 
—[V,—Vrs—9.(y)] Co= Qn (y)+-Qaly) i 
The charge in the depletion layer Qs (y) depends on the width 
of the depletion layer at the point, and 
QB (y)=—4Naxa=— V 2€gNo % 
Substituting the value of Qs (y) we find the charge in the 
channel per unit area as 
On O)=—V—V re — 9 (V)}Co+V 2eqNa 92 (¥) (5.16) 
The resistance of the channel for a length dy 


gle Su... 
aR= Fu, On) 


and the potential drop across a length dy of the channel 
dV=—IadR. 


Rearranging, after substituting the value of dR and On (V), We 


have 
i Tady= Zun [Vo —V rB —9: (y) Co dV— N 2eqNae 9) + dV 


Integrating along the length of the channel and rearranging,. 


we find 
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V, 
BL = Zpn Co {(¥.—Vee- > — $in ) Va 


aga an [e iny-+V).9/2 —ei] (5.17) 


The expression can be presented in a simplified manner and 
analysed by taking into account the width of the depletion layer 
xao, under equilibrium conditions, i.e. when the drain and gate 


potentials are zero 
0c mI 2ePiny 


qNa 
The capacitance per unit area of the oxide layer 
Co= 2 , (5.17) 
Xo 


xo is the thickness of oxide layer and «o its permittivity. 
We find, after substituting the values of xao and Co, that 


V Zeg Na = 2e° xir 
"Ge a . Tag inv 
=EN Sin (5.18) 
where K= 2e. TRUE 
€0 Xao 


Substituting the value of K from expression (5.18) in ex- 
pression (5.17) we find 


laL = ZunCo {( Vi—Vra—Piny a We 


2 
Keil Omre] 19) 


When the channel disappears the’ surface potential 
e= atsa Piny and as the charge in the channel per unit area 
is zero, we have from expression ( 5.16) 


0 =—(Ve—Vrs—o, (¥)] Coty 2eqNag. O) 
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Writing Ps (Y) = Fasa + 9inv 
and solving the quadratic we find Vatan as 


Vatsa) = ( Vi—Vra—Piny )+ ie [1 Jit Morken cot cor | 


(3.20) 


Substituting the value of Kens for 
o 


€F V= 
Pa ( VAVE n )+ Rem i+ fi aoe 
iny 
(5.21) 
When XK is small enough to neglect the factor in K*, we have 
Vasan = (Vy—V rB — Piny ) 


Using expression (5.12a) 
Fasan = (Vo—V:) (5.22) 


Substituting the value of Fasa) from expression (5.22) in 
(5.19) the saturation value of the drain current is found as 


Zino Vri): (5.23) 


Tasan = 
The device works as a ie law device. 
The theoretical characteristics of a MOSFET are given in 
Fig. 5.13. 
Vo-% =/0 Y 
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Fig. 5.13. 
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Conductance and transconductance i 
The two regions of operation of the device are: (a) linear 
region, (b) the saturation region. 
In the linear region of operation the conductance of the 
channel 
Ola | 
Ve Va const, 


By assuming that Va<oin, we can expand the bracketed term 
in (5:19) and find that 


fit = Zu.Cof( Ve—Vee—Piny — L4 ) ViKe va} 


(5.24) 


2 
K@iny a me 
The conductance in the linear region 
ye Zee: V,-¥,) (8.25) 


The is the same as (5.15). 

The conductance in the saturation region is almost zero as 
the channel disappears under saturation conditions, 

The transconductance of the device 


Ola 
Siar 


OV, \Va const, 


From expression (5.17) we find that the transconductance 
Z 
Bam Se oY, (8.26) 
The above expression gives the transconductance in the linear 
region of operation. It is proportional to the drain voltage. The 
transconductance in the Saturation region can be found by 
substituting the value of Vasu) from expression (5.21) in (5.26) 


Zun C 20, — A= Vr] 
Lm(sat) = H Ovma Eal i EP] 


RK? Qiny p 
i (5.27) 
When Kis small enough to be neglected 
Entao = ZC yy, (5.28) 
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channel may occupy the surface states and hence become unavail- 
able for conduction. This results in a decrease in transconductance. 
However, if the frequency of operation is high there may not be 
enough time for the electrons to move into the surface states and 
the transconductanċe approaches the value in expression (5.28). 


Applications of MOSFET 

A MOSFET is used as a resistor, an amplifying device and as 
a memory element. 

When the device is used in the linear region it functions as a 
resistor. As the conductance depends on the gate potential the 
resistance value can be changed by biasing. 

The MOSFET is used as an amplifying device in the saturation 
region with the source common to the input and output. The input 
resistance is very high—of the order of 1014 ohms, it is much higher 
than the input resistance of the junction, field effect transistor. 
Moreover the input resistance is independent of temperature. The 
input resistance of a JFET changes with temperature as the reverse 
saturation current varies. The high input resistance is an advantage 
in circuits where loading is to be avoided. The equivalent circuit of 
of the MOSFET is given below. 


Fig. 5.14. 


The input capacitance is the capacitance between the gate and 
the channel and the output capacitance is the capacitance of two 
PN junctions appearing between the source and drain.:The output 
conductance is due to the movement of the pinch off point and is 
very small. The high frequency limit of operation is found in the 
same manner as for a JFET as the frequency at which the current 
through the input capacitance equals the current through the current 
generator t 


Sule 
h= 2nCin 
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Cin = COZL and gm = ee -Fa 
RS ba Pa (5.29) 
The transit time of carriers through the channel 
1 AERE A 
y UE 
where £ is the electric field intensity in the channel and is equal to 


a 


Fi Substituting the value of E we find 


t~ = (5.30) 

Va 
The high input resistance of the MOSFET is made use of in 
utilising the MOSFET as a dynamic memory element, When a pulse 
is applied to the input terminals the input capacitance is charged 


and the voltage is retained on the gate terminal as the leakage 
resistance is very small, 


Noise A 
The sources of noise in a MOSFET are: 


1. Thermal noise due to Current charge carriers in the 
channel. 

2. Generation recombination, 

3. Noise due to random 


fluctuations of carriers in the surface 
states. 


Important Formulae 
Width of the depletion layer in a MOS structure 


EA | 2V,Co? 
Co PII eqNa } 


Ratio of capacitance of the structure to oxide capaçitance 


c 1 
Co 7 14 aC 
«qn, 


Xi 
-Flat barid voltage Vrp = Pm Ge f = e(x)dx 
0 
` ò 


Turn on voltage V, = Veet Piny —-22 


Co 


MOSFET 151 


Channel current Ia = Fraco {( Vero ee Va 


2 [2N 
: K? Finy AV, = 
Vaisa = (Vp—Ve5—9iny +9 [1+ N i oe 


Zien i 
lio = Je Vero 
y, 

hæ ma 


Useful Data 
ni for silicon = 1.45Xx 1016 met~? 
€o = 8.854 x 1071? farad met 
e (silicon) = 11.7 er (oxide) = 3.9 


Questions 


1. Briefly discuss the shape of the bands at the semiconductor 
surface in a MOS structure when a voltage is applied to 
the gate. What is inversion? When will it occur? 

2. Derive the relation between the gate potential and the 
width of the depletion layer. 

3. An oxide layer of 2000 A is formed on a P-type silicon 
substrate with a doping density 1.45 10% met’. What is 
the width of the depletion layer when a voltage of one V is 
applied to the gate? For what gate potential is an inversion 


layer formed? 
Evaluate the ratio of the MOS structure capacitance to 


4. 
the oxide layer capacitance. When will the value be 
minimum? 

5. Find the minimum value of the ratio C/C, for the structure 
in Question 3. rr, 

6. What is flat band voltage? Determine its value for a MOS 
structure. How can it be determined experimentally? 

7. Evaluate the flat band voltage for AlSiO2—P-type silicon 


structure with an oxide layer thickness 1500 if the 


152 INTRODUCTION TO SEMICONDUCTOR DEVICES 


14. 
15. 


sheet charge has a value 5x10-4 coulombs met-2. The 
substrate doping is 1.45 102 met-3 (neglect charge in 
oxide layer), 


t relation for a MOSFET. 
When will the current th 


tage 


Draw the equivalent circuit o 
Derive an expression for the 
tion of the device, 


fa MOSFET. 
high frequency limit of opera- 


6. Microwave Semiconductor Devices 


In this chapter we study some of the semiconductor devices 
used in the microwave frequency range. The diodes and transistors 
discussed in the earlier chapters have cut off frequencies much 
below the microwave frequency range which is normally above 100 
MHz. The advantages of non-linearity in the operation of the 
devices and negative resistance offered by devices under certain 
conditions are made use of in the operation of the devices in the 
microwave region. The devices studied in this chapter are varactor, 
PIN diode, tunnel diode and the devices based on the Gunn effect. 
As the theories are fairly advanced the basic principles of operation 


are only stressed. 
6.1 Parametric Amplification 


An active device—vacuum tube or transistor—amplifies a 
signal by transferring energy from the source of steady current to 
the signal. Energy can also be transferred from a strong signal called 
pump signal to a weak signal through a passive non-linear circuit 
element. The amplification produced in this manner is called para- ` 


metric amplification. 
The parametric amp 
imaginary experiment. 


lification can easily be illustrated by an 
Consider a resonant A.C. circuit in which 
oscillations exist. During the course of oscillations energy oscillates’ 
between the electric field in the capacitor and the magnetic field in 
the coil. The oscillations continue indefinitely if there are no losses. 
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The amplitude of oscillations can be increased by putting in energy 
into the signal at the proper moment. One of the ways of putting in 
energy into the signal is by increasing the separation between the 
capacitor plates when the voltage between the plates is maximum. 
Some work is done in increasing the separation between the plates 
and the work done gets converted into signal energy. The capacitor 
plates should be brought closer when the voltage between them is 
zero, otherwise energy flows away from the signal. Separating the 
plates of the capacitor mechanically at the proper time is not possi- 
ble, as suth one has to usea capacitor whose capacitance varies 
with voltage. It has been shown that the capacitance of a reverse 
biased junction is a function of the voltage across it and the varia- 
tion of capacitance can be conven iently used to transfer energy to a 


signal. The alternating voltage used to vary the capacitance is called 
the pump signal. 


aN ASN 
pana 


SIGNAL IN THE ABSENCE OF ENERGY 
TRANSFER 


PLATE SEPARATION 
ENERGY TRANSFER To SIGNAL 


AMPLIFICATION OF SIGNAL 


Fig. 6.1. 


minimum value equivalent to an 
the voltage is minimum, i.e. o 
earlier that energy is pumped in 


to the signal when the ‘separation 
is increased when the Voltage a 


i i cross the capacitor due to the signal 
1s maximum. Therefore we can easily see that the pump frequency 
should be twice the signal frequency. 

~ We can mathematically show that energy flows into the signal 
from the pump. Let the capacitance of a reverse biased junction 
be- given by the oxpression C=KV-", where V is the voltage 
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VOLTAGE VARIATION ACROSS REVERSE 
BAISED JUNCTION 


CAPACITANCE VARIATION 


Fig. 6.2. 


across the junction and the exponent m depending on the nature 
of the junction. If the voltage V is the sum of steady component 
Vo and an alternating component v we have 
C=K(Vo+y¥)"™ 
I y Tm. 
=K K iek 1+ 7 =) 

When v is small compared to V, the irm expression can be 

approximated and written as 


c=xr”( l—m 7) 


= Co(1- a ) (6.1) 


If the alternating component of the current is due to a signal 
and a pump Voltage we have 
v=) Sin @,f-++¥2 sin (wet+4) 
where y, and v are the maximum values of the pump and signal 
voltages whose frequencies are #1 and w2. 4 is the phase difference 
between the signal and pump voltages. 
The current through the E 


_ dQ dO a 
Sine 07 Ta A ve 
mv \ dy 
mn © (1 a ) T (6.2) 


The factor Cy + contains currents at frequencies w, and 


my, dv i i i 
o2z, while the factor Co 77 * Fe cones currents at side-band 
A Fo 


frequencies'(w,-+ 2) and (w;—@2). The current at the side band 
frequency («,;—w,) can easily be found as 


PANA Co myyva K w2). sin o o) E (6,3) 
0 
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If @,=2ee, the current in the capacitance at the frequency wa 


ing = Li mnv., w, sin (w,t—8) (6.4) 
o 
The power at the frequency w2 is now obtained as 
A- | int 9 — ) 6.5 
a sin? 6 —— (6.5) 


The, power at the difference frequency we is negative indicating 
that power flows out-of capacitor, i.e. energy is transferred to the 
signal. Maximum power transfer occurs when 06=n/2. 


Manley Rowe equations 


We have till now studied a special case where the pump 
frequency is double the signal frequency. In a general case where 
two alternating voltages of frequencies w; and 2 are applied to a 
non-linear capacitor a number of side-band frequencies are 
generated by the capacitor, the non-linear capacitor functioning 
as a mixer. During the process of mixing there is energy exchange 
between the applied signals and side bands. The power relations 


existing between the signals and side bands are given by Manley 
-Rowe equations as i 


n=% m=% 


MPmn *s 
> >; wi +N, Al (6.6). 


n= m=0 
m=% n=% 
NPmn 
m=—o n=0 
Pmn is the power input to the capacitor at a frequency moj+nog. 
Frequency selective networks are used so select the appropriate 


side. band. The result of mixing and power exchange can be 
illustrated by taking up certain special cases. 


Non-inverting case 
Consider a case where a frequency w,-+, is selected and all 
other side band frequencies rejected. We have from (6.6) 
P, Pu 
5 + Oto; 
Py, is the power at the frequency w+ oa. Writing P,, as Pa and 
w+ as wy 


=0 
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Py Ps _ 
=F ae (6.8) 
From expression (6.7) we have 
Pa. Ps 
w Ma 
If power is fed to the non-linear ‘capacitor at the frequency 
©» We find that P2 is positive and P, negative. This implies a 
power input at frequencies w, and w, and power output from the 
capacitance at a frequency œs. The amplifier is called an up 
convertor or modulator as there is power in the upper side band. 
The power gain 


=0 (6.9) 


Gi 5 (6.10) 


Inverting case 
If the frequency selecting network is adjusted for the lower 
side band w2--w, we have from expressions (6.6) and (6.7) 


-P Px s 
ae : (6.11) 
P P. 
aay: R (6.12) 


w,  O2—-@, 


When power is fed to the capacitor at the frequency we called 
the pump frequency we find from expression (6.12) that Ps is nega- 
tive, i.e. power is obtained from the capacitor at the frequency 
(w2— w). As Pyis negative we find from equation (6.11) that P, is 
also negative. We thus see that there is power transfer from the 
pump frequency w2 to frequencies œ, and w,. If the power Ë, is due 
to a signal it is obvious that the signal is amplified as there is power 
transfer into the signal. If w2 is chosen equal to 2 a, (this case 
has been discussed earlier) lar;e amount of power is obtained at 
the frequency w, but it is not possible to separate out the amplified 

‘signal of frequency œ, from the signal of frequency wg—w,. The 
amplifier is called a degenerate amplifier. If w— w; is different 
from ©, power is dissipated at this frequency and the amplifier 
is called a non-degenerate amplifier. The frequency (©2—)), is 
called the idler frequency and its existence is essential to maintain 
the necessary phase difference between signals for the necessary 
power transfer. j 
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6.2.1 Varactor 


Varactor is a junction diode whose capacitance is a function 
of the applied voltage, hence can be used as a non-linear device. 
It was found in Chapter 2 that the depletion layer capacitance 
Varies inversely as the square root of the applied voltage for an 
abrupt junction and inversely as the cube root of the applied 
voltage for a graded junction. The capacitance variation with 
voltage is dependent on the nature of the junction. 

We now consider the variation of capacitance with voltage 
for an arbitrary distribution of impurities. Consider a P*+N 
junction with the donor density on the N side varying as Bx” where 
Band m are constants and x—the distance from the metallurgical 
junction on the N side. 

The Poisson’s equation gives 


V e Bx” 
ET ieee (6.13) 


Integrating it and making use of the fact that theres no” 
electric field in the bulk semiconductor Ea 


ae =0 when x=W, we find 
the width of the depletion layer for a voltage V existing across the 


layer as 
(m+-2)eV 7 Lmt 
The capacitance of the junction 
Ae -1/(m+2) 
C= -y =4V (6.15) 


From the above we find that Cœ V-1l2, where m= 
junction) and Cœ V-1/2, where m=1 (graded junction), 


If the doping profile on the N side is such as to make m=—3/2, 
the capacitance Cx V 2 (6.16) 


0 (abrupt 


HYPERABRUPT m=-3 
= LINEARLY GRADED 
=— ABRUPT 
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The doping profile making m=—3/2 can be obtained by 
epitaxial process and the junction is referred to as a hyper abrupt 
junction. 

When the capacitance of the hyper abrupt forms a part of a 
resonant circuit the resonant frequency 

I 
a= Sa ay (6.17) 

The resonant frequency is proportional to the voltage, a factor 

which is very useful. 


Figures of merit of a varactor diode 

As stated earlier the varactor diode is used as a non-linear 
element in microwave circūits as such the most.important- 
requisite isthe variation of capacitance with voltage. The capaci- 
tance is maximum under unbiased conditions and is a minimum 
when the reverse voltage is maximum. The maximum reverse voltage 
is naturally the breakdown voltage of the junction. The ratio of 
maximum capacitance to the minimum capacitance is one of the 
figures of merit of the varactor. The ratio is large when the 
junction is hyperabrupt. : 

The physical property made use of is the variation of capaci- 
tance, presence of series resistance is parasitic and is a source of 
power wastage. The series resistance is due to the semiconductor 
material on either side of the junction and the body resistance 
when the diode is manufactured by an epitaxial process. Moreover 
when the bias changes the width of the depletion layer changes 
and the series resistance is altered due to changes in the unswept 
portion of the material. This incremental resistance is large in hyper 
abrupt junctions. In addition to the series resistance one has to'take 
into consideration the resistance parallel to the junction arising out 
of carrier generation and recombination within the depletion layer. 

The maximum frequency of operation or the cut off frequency 
depends on the series resistance and the junction capacitance and 
is given by the expression 

1 
cg GR. (6.18) 
where C; is the junction capacitance and R, the series resistance, 

The cut off frequency depends on the bias as the capacitance 
is voltage dependent. The frequency difference between bias 
extremes is referred to as the dynamic cut off frequency. 


a, 
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e arf -z}) 6.19) 
a= Ele min Orms ( 


The ratio of the energy stood in the capacitor to the energy 
dissipated in the series resistance is referred to as the dynamic 
quality factor and is given by the expression 


1 
d=- (6.20) 


The equivalent circuit of the varactor i : 
The equivalent circuit of the varactor useful for investigating 
its performance when used in circuits is given below. 


A c Rs is the series resistance 
t Rs j comprising the resistance of 

l a ] the semiconductor regions on 

t $ either side of the junction and 

P the resistance at the contacts, L 
Fig. 6.4. . is thelead inductance. Ry is the 

A ; leakage resistance of the diode, 
These components of the equivalent circuits are parasitic as they 


do not contribute to the physical operation of the device and 
attempts are made to reduce them. 


6.3 Snap Back Diode 


The variation in the capacitance of a diode can be maximised 
by changing the diode from forward bias to reverse bias. When a 
diode is forward biased the junction has storage cap: 
the large concentration of minority carriers on eitl 
depletion layer. The stored charge can be recl 
is suddenly switched from a forward bias t 
stated in Chapter 2 that when the voltage acr 
-suddenly from forward conduction a current 
all the stored charge is cleared and the ti 
storage time. It is not a desirable characteris: 
used for switching. However the large rey 
rich in harmonics and is used for harmonic 
frequencies. When the reverse transient is 
sary to” increase the reverse transient an 
rapid discharge. 
` We know that under forward biased conditions minority carrier 


acitance due to 
her side of the 
aimed when the diode 
o a reverse bias. It was 
oss a diode is reversed 
Continues to flow till 
me is referred to as the 
tic when the diode is 
erse current transient is 
generation at microwave 
made use of, it is neces- 
d provide conditions for a 
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injection occurs across the junction and there is diffusion and re- 
combination of the minority carriers. The recombination is reduced 
to a minimum by using material with long lifetimes and the diffu- 


sion is inhibited by generating a built-in electric field. The impurity 
doping is as indicated in Fig. 6.5. 


[na = "al 


0,0 : 
X=0 METALLURICAL \ 


JUNCTION 


Fig. 6.5. 


- The impurity density on either side of the metallurgical junc- 
tion is such as to oppose diffusion of minority carriers. The minority 
carriers are therefore concentratéd on either side of the depletion 
layer. On reversal of voltage ihe stored charge is reclaimed in a very 
short time. The behaviour of the snap back diode is best illustrated 
by the current waveform generated when a large sinusoidal voltage 
is applied. 


MINORITY 
CARRIER 


f t INJECTION 
o t 
_ 
CHARGE REVERSE RECOVERY TRANGIENT 
STORAGE TRANSITION TIME 


Fig. 6.6. 
6.4.1 PIN diode 


The reactance of a reverse biased junction diode is small when 
operated at microwave frequencies, as such it cannot be used in the 
microwave frequency region.. The formation of an intrinsic layer 
between two heavily doped P and N regions reduces the capacitance 
of the reverse biased junction considerably and the resultant diode 
referred to as P/N diode is used as a switch in the microwave 
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region. The intrinsic layer is about 50x thick. It is not technologi- 
cally possible to form an intrinsic- region between two heavily doped 
P and N regions. Normelly a high resistivity P layer or an N layer 
is formed between. two heavily doped regions. The structures 
formed are called PxN and PyN diodes. Another interesting property 
of PxN or PvN diodes is that the high resistivity layer offers a 
resistance which varies with the bias. This property makes possible 
the use of the diode as a variolosser or attenuator in the microwave 
frequency region. 

The doping profile ina PIN diode is as shown in Fig. 6.7. 
Space charge regions are formed ‘in the P+ and N* regions and there ` 
is a uniform electric field in the intrinsic layer. The electric field 


Sweeps out the mobile carriers from the intrinsic layer and the layer 


is depleted of mobile carriers. When a reverse voltage is applied to 


the diode the space charge regions extend to very small distances in 
the heavily doped regions and the capacitance is practically cons- 
tant. The reverse voltage increases the electric field intensity in the 
intrinsic layer. The effects of increase in field intensity such as 


ionisation is made use of in the IMPATT devices which we will be 
discussing in. the next section. 


INTRINSIC 
LAYER 


ELECTRIC 
FIELD 


o —> 


Fig. 6.7. 
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6.4.2 NrP diode 


We consider an NxP diode for which the doping profile is 
given in Fig. 6.8. 


Fig. 6.8. 


For this diode we have a high resistivity P layer between the 
heavily doped N and P regions. Since the x region is not intrinsic 
the depletion layer spreads into the region and the extend to which 
it spreads depends on the voltage across the diode. If Vis the sum 
of the applied and barrier voltage and N, the doping density in the 
z region the width of the depletion layer 


n 2V 
x= J qN: (6.21) 
The region is completely swept of mobile carriers for a voltage 
. @ ; 
y= Mor (6.22) 
2e . 


When the region is completely swept the diode has a minimum 
capacitance given by the expression 
Ae 
Cia an (6.23) 
a being the thickness of the ~ layer. 

If the applied voltage is not sufficient to sweep the region of 
mobile carriers the region has a resistance and also capacitance. 
The resistance and capacitance combination appears in’ series with 
the junction. i 

If W is the width of the depletion layer, the resistance of the x 
region 


R= + (a—W) 


where ¢ ‘is the resistivity of the x region. 


164 INTRODUCTION TO SEMICONDUCTOR DEVICES 


z Ae 
The junction capacitance C; = W 
on 5 fon Gt Ae 
The capacitance of = region C = a WwW 
The impedance offered by the diode 
=j Rike Ne 6.24 
Z= (Xt p) =R (6.24) 


where X; is the reactance of the m layer and X; the reactance of the 
junction. The equivalent tesistance Rand reactance ¥ are given by 
the expressions 


RX? REX, 
apes td P= Nt 
Substituting the values of Rs, X; and X; we find 
a PGW) 
<- A(p2w®e2+-7) - (6.25) 
EN __ —Pwe Ww 
X= FG LT) {a+ anf (6.26) 


If the x region resistivity and the frequency of operation are 
high, so that eoe] we have 


R=0 (6.27) 
yz (6.28) 


We thus see that the capacitance offered by the PIN diode at 
high frequencies is a- constant depending only on the width of the 
intrinsic layer. 

When The applied voltage is such that the x region is not swept 
out completely the diode offers a resistance which depends on the 
voltage as the width of the depletion layer Wis a function of the 
applied voltage. The capacitance of the diode is a constant. 


attenuator. 

The PIN diode when used as a S 
ON and OFF states. In the ON state the diode is forward biased 
when minority carriers ate injected into the high resistivity region 
between the highly doped regions. The increase in the densities of 
carriers reduces the resistance and the diode impedance is y 
In the OFF state the high resistivity region is completely sw 


and the diode impedance is very high as the capacitance 
low, 


Witch operates between the 


ery low. 
ept out 
e is very 
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6.4.3 PIN diode operated at the breakdown voltage 


When the reverse voltage across a P/N diode is increased to 
such a value that the electric field intensity in the intrinsic Tegion 
becomes sufficiently large to cause impact ionisation the diode offers 
negative: resistance at microwave frequencies. The negative resis- 
tance of the diode implies a transfer of power from the biasing 
source to the microwave signal and the diode amplifies the signal 
when located in the transmission line. The amplification of the PIN 
diode when operated at the breakdown voltage is due to the impact 
ionisation within the depletion layer. It is physically not obvious 
but mathematical analysis brings out the negative resistance. The 
process of transfer of energy from the biasing source to the’ signal 
is obvious in a Read diode which we will be discussing in the next 
section. 

It was shown that in a PIN diode the field intensity is constant 
within the intrinsic layer between the heavily doped P and N 
regions. When the reverse bias is large enough to cause avalanche 
breakdown electrons and holes injected into the intrinsic layer from 
the N and P sides travel with a velocity sufficient to cause impact 
ionisation. Due to avalanche multiplication the electron and hole 
currents reach large values. When a -small alternating voltage is 
superimposed on the bias voltage the electric field intensity within 
the depletion layer is not a constant-but varies about a mean value 
determined by the bias voltage. As the ionisation rate is a function 
of the field intensity the avalanche multiplication is modified and 
the diode offers negative impedance to the alternating signal. 

To analyse the function of the diode in the breakdown region, 
consider a section A in the depletion 
layer of the diode. 

If panda are the densities of 
holes and electrons at the section and 
if it is assumed that the charge 
carriers move at the scattering limited 
velocity va the current densities Jn 
and J, at the section are given by the expressions 

Jn = Qa n \ 
Jp = Qa * 


J= Seed, = qra (n+p) ) 


N 


Fig, 6.9. 


(6.29) 
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Applying the Poisson’s equation to the section at A we have 
3E a(Na—-Na+p—n) 


Ox € 
— GNa-No) , 1 
= ee y i (Jah) (6.30) 


The continuity equations for holes and electrons at the section 
are 


on 1 Jn 
BF g ax Tanp) ) 
> (6.31) 
2p = 2h, Jp +a ( | 
at q ax re mrp) J 


where « is the ionisation coefficient. The recombination at the 
section is neglected as it is negligible compared to the multiplication 
due to ionisation. Expressing the carrier densities in terms of the 
current densities, expressions (6.31) are modified as 
E avs 
WOE Pox: +a(Jn+Jo) 
1 oy _ —əJ, : 
Va, 08 A Ox Fala +y) 5 
Expressions (6.30) and (6.32) give the relation between the 
electric field and the current densities at the section. When an alter- 
nating voltage is superimposed on the bias voltage the electric field 
within the depletion layer has an alternating component in addition 
to the steady component and is given by the expression 


E = E+E exp jut (6.33) 


where Eo is the steady component and E is the axiom value of 


(6.32) 


the alternating component at the section 4. E is therefore time 
independent. It depends on the distance x. 


As the ionisation coefficient æ is field dependent it can be split 
into two components, a steady component a, determined by the 


steady field £ and an alternating component os vE exp jwt. 
Therefore 
aiy ora 
a = tot JAE E exp jwt (6.34) 
The current densities J, and J, at the section contain steady 
and alternating components and can be written as 
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Jn = Ino+In exp jot J 


Jy =JSp0+Jy exp jot J 
whereJno and Jpo are the steady values of the current densities and 


(6.35) 


Jn, Jp the maximum values of the alternating components. The 
alternating component of the current at the section is the sum of 
the drift component and the displacement current at the section. 
The displacement current is due to the alternating component of 


the electric field intensity and is given by the expression jee E exp 
jot. The maximum value of the alternating current density at the 
section 5 


J = Jant Jot jwE (6.36) 
The alternating component of the current density can be 


related to the fièld intensity by manipulating expressions (6.32), 
(6:34), (6.35) and (6.36). The relations are 


a eee oe 
Tay hima fin) + ee Bt Se | (6.37) 
a EA 
JA a Jima s zn EJ. | 
m i a ii ise ell lahat gl 


Jpo+Jno=J (steady current density). : 

The alternating component of the electric field intensity can be 
related to the alternating current densities by substituting the value 
of E from éxpression (6.33) in (6.30) 

= aye Im (6.38) 

The relation between the alternating component of the field 

intensity and current density is now obtained by differentiating 


(6.38) and substituting the value of ye and ale from (6.37). The 
differential equation is 5 
VE 1 sine 5 Oa 9 OE) Fela ( _ jo 
xË taa (2% joe-2 DE It maia) OP NUDE; 2o Vet 
(6.39) 


The impedance offered by the diode is found by integrating the 
above expression to get the field intensity and calculating the 
alternating voltage across the diode from the value of the field 
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intensity. The integration is difficult because of the factorin the 
‘brackets. However if it is assumed that the field within the deple- 
tion layer is constant the bracketed term is a constant and can be 
written as 


F da oe) 1 
k = ( 21 joe 22% J4 = E (6.40) 
On integrating the expression we get 
2a, jw 
= ; A €Vsr ey, pej 
E = C; exp jkx+C, exp(—jkx)+ a ae (6.41) 


where C, and C, are the constants of integration to be obtained by 
numerical computation. 


The alternating voltage is now obtained by integrating the 
above expression. 


` The current densities J, and J, can also be found from 
expressions (6.36) and (6.41) 


Ta +I, =J -job 


= —jøe{C, exp jkx+C, exp{—jky} — 2222 (6.42) 


Yak? 
From expressions (6.38) and (6.41) 
~o~ E 
I—Jn = ou 
= jkevaC, exp jkx—jkevsCe exp(—jkx) (6.43) . 


From expressions (6.42) and (6.43) the hole and-electron com- 
ponents of the alternating current are found as 


à ae et ; 
Ja e)a exp(jka)— 4 ( k+ E )exp(—skx) 


a'J, = g 
par oe (6.44) 
fei -jEV O x jeva ö PR. 
J= or { k+ ea exp (jk) + 45e( k=) exp(—Jjkx) 
why y 
a . (6.45) 


The small signal admittance of the diode is obtained as the 
ratio of the current to the voltage across its terminals 


ipa (6.46) 
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When the admittance is evaluated it is observed that the 
conductance part of the admittance is negative and this is the 
cause of energy transfer from the biasing field to the microwave 
signal. The susceptance part of the impedance changes from 
inductive to capacitive at a particular frequency referred to as the 
resonant frequency. The resonant frequency is in the Gigahertz 
range. 


6.5.1 Impact Avalanche transit time diode (IMPATT)—Read diodé 


In the last section we discussed the operation of PIN diode 
near breakdown and found that diode offers negative resistance to 
microwave signals and as such can be used in amplifying circuits. 
However the physical mechanism of transfer of energy from the 
biasing source is not clear. In this section we consider the Read 
Structure in which the transfer of energy becomes clear. 

Before we take up for consideration the specific structure it 
is possible to state the conditions under which a transfer of energy 
from biasing source to a signal occurs. Consider a small region 
AB across which a steady voltage is applied. Due to the steady 
voltage a steady electric field is set up between A and B. If an 
alternating voltage is applied between the points A and B the field 
intensity changes from £+-£ to E-—E, where E+E 
E is the maximum value of the field due to 
the alternating voltage. If energy is to. be 
transferred from D.C. source to the alter- 
nating field it is necessary to drive charge Fig. 6.10. 
carriers from A to Bwhen the alternating 
field opposes the movement of the charge carriers. For effective 
transfer of energy from the D.C. field to the signal two conditions 
‘are to be satisfied. They are: (a) there should be a large concentra- 
tion of carriers at A at the beginning of the half cycle during 
which the A.C. field is opposite in direction to the steady field; (b) 
the carriers present at A should reach B before the end of the 
negative half cycle as otherwise power flows from the A.C. field. 
The second condition implies that the transit time of carriers 
through the drift region is iess than half the period of the älter- ` 
nating voltage. 
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The above conditions are realised in a Read diode which has 
a doping profile as shown in Fig. 6.11. 


DOPING 
PROFILE 


FIELD E 
INTENSITY 


0,0) 


Due to the specific doping profile we have an intense electric 
field within the narrow P-region adjacent to the N* region. The 
depletion layer spreads throughout the narrow P region and the 
intrinsic region. Therefore the intrinsic region is depleted of 
mobile carriers and a constant field is set up within the intrinsic 
tegion. The field strength is sufficient to make the carriers move 
at the constant scattering limited velocity. The electric field 
intensity is maximum at the edge of the P region by the side of 
N+ region and it decreases to the constant value within the narrow 
P region: In this region, the field intensity is high enough to cause 
impact ionisation, and the region is called the Avalanche multipli- 
cation region. The intrinsic region is called drift region: 


6.5:2 Avalanche region 


We have earlier calculated the time and space variations of 
hole and electron currents when there is avalanche multiplication 


in expressions (6.32). Adding the electron and hole currents we 
have : 


Winds aE (In—Jp) + 20F (6.47) 


Integrating the above expression across the Avalanche region 
of thickness x, we have 


ay x: 
ea aie [4-1 } +27 Jadx (6.48) 
0 
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At x = 0 the hole component of the current J, is due to holes 
moving into the Avalanche region from N* side and Jp = Ion 


(Jn—Jo)x=0 = J—2Jps 
At x = Xa the electron component of the current is due to 


electrons moving into the Avalanche region from the right and 
Ja =o 


n—Ip) yas, TaI 


Substituting the value of CEAN in expression (6.48) we 
have i 


Xa 


E- ( Jxax—1)-+2 (Juta ) 
0 


Neglecting (Jns+J»s), the reverse saturation current in compari- 


son with J and writing = = 7 (transit time through the avalanche 
at 
Tegion), we have 
d. r 
J 
rA (eax) (6.49) 
. 0 
The current density J in the avalanche region has two com- 
ponents, a steady component J, and an alternating component 


J exp (jwt), where J is the maximum „value of. the alternating 
component. We can write 


f= J+J exp jot (6.50) 
The ionisation coefficient « is field dependent, however, as the 


region is very narrow we can associate an average value for the 
ionisation coefficient and write ; 


Xa 


| [ods = ex, (6.51) 
0 
-As the'field within the avalanche region is varying, the average 
value of the ionisation coefficient has two components, a steady 
value % determined by the steady component of the electric field, 
and a varying component due to the alternating field. If the alter- 
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nating component of the field has a maximum value Æa, the average 
ionisation coefficient can be approximately written as 


t= asta Es exp jwt (6 52) 
e ð 
where a! = a 
Substituting the value of «’ in expression (6 51), we find 
Xa 
J adx = GX_ = %qXa+a'XgE, exp jot (6.53) 
4 ; 


The steady field is of such a value as to cause impact ionisa- 
tion, therefore, Xa = 1. 

Substituting the values of integral in expression (6,53) and 
the current density given in expression (6.50) in (6.49), we find 


sjoJ = 2Ja' xa (6.54) 
The maximum value of the current density due to holes and 
electrons at the edge of the depletion layer 


AT 2Ja'x,B 
Jal ae HA (6 55) 


XaE is the alternating voltage across the avalanche region and the 
ratio of the alternating voltage to the particle current gives us the 
reactance of the avalanche region. If 4 is the sectional area of the 
diode, the reactance of the avalanche region 
jor 
Xa = Daa 

The avalanche region has the properties of inductance so far as 
the particle current is concerned and we can associate an inductance 
L with the avalanche region 


L= 


IWA (Eis) 


In addition to the particle current there is a displacement 
current due to the varying field. The displacement current density 


Ja = jock : (6.57) 
The ratio of the alternating voltage across the avalanche region 

‘to the displacement current gives us a reactance 
y aay ee 


me A jweA 
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This reactance is capacitive and we can associate a capacitance 
in parallel to the inductance, the value of the capacitance being 


casa (6.58) 
Xa 
The avalanche region thus functions as a parallel resonant 
circuit with a resonant pr: (@,) 


a=) ME AEN 
= {= Beva, (6.59) 


The resonant frequency is normally in the Gigahertz range. 
The impedance of the avalanche region at a frequency « can be 


readily found as 


w= TEE 


1 1 
Z= joa . ma (6.60) 


The ratio of the particle current density J4 to the total current 
density 
tt eld 1 
Ja+Jo 1422 1—w*lC (-S we z) 


(6.61) 


At the resonant frequency w, the current through ithe avalanche 
region is zero, but at frequencies above the resonant frequency the 
current leads the voltage and we have a situation where the current 
has a large value at the instant the voltage across the avalanche 
region is less than its maximum value. 


6.5.3 Drift region, 


The particles, holes and electrons move at the scattering 
limited. velocity in the drift region, as such there is a continuous 
phase change with distance. If Ja is the particle current density at 
the edge of the avalanche region the particle current density at a 
distance x in the drift region is given by the expression 

= i jol% — xa) : 
Jay = Ja exp (6 62) 
sl 

The exponential terms represent the phase change. The dis- 
placement current density at the distance x 
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Jo(x) = J—Ja(x) 


= T| —y exp Lex) (6.63) 
Vst 
The displacement current density is related to the field intensity 


by the expression 


To(x) = jweE(x) (6.64) 
From expressions (6.63) and (6.64) we find the field intensity at 


a distance x in the drift region as 
E(x) <= j vt ja(x—x,) 
E(x) = -E Y exp Taal (6.65) 


The voltage across:the drift region Va is now obtained by 
integrating the above expression between the limits x, and W 


Š 


Sh . ai Wa jo(W xa) 
A Va = Joe [o Xa) + (exp as =l ) (6.66) 
W—xa . e A nA a 
A is the transit time of the carriers through the drift region 
7 1 


Ta, and wrta is the transit angle 0 
also be written as 


> W—xa)T 1 1—cos 0 
icon Es a S) A SL (6.67) 


a. The expression for voltage can 


The impedance of the drift region is now obtained 
z= Wax), leos Wwy 


w? wedta t jocA (6.68) 


as. 


When the frequency of Operation is ab 
quency of the avalanche region the current lea 


the avalanche region and the current has a large value. The current 
pulse is driven through the drift region through a time less than 


half period when the transit angle a<r. Thus the conditions 
stipulated at the beginning of the section for transfer of energy from 
the biasing source to the signal are satisfied and the signal i li- 
fied. Even though the theory of the Read diode is simple the E 
is difficult to fabricate; 


The Read diode and the PIN diode represent two extreme 


ove the resonant fre- 
ds the voltage across 


MICROWAVE SEMICONDUCTOR DEVICES 175: 


cases. In the PIN diode the avalanche multiplication occurs in the 
intrinsic layer and we do not have separate avalanche and drift 
regions whereas in the Read diode the avalanche multiplication is 
confined to a very narrow region. s 

A number of devices are fabricated which make use of the 
negative resistance due to interaction of the avalanche and drift: 
regions. The devices are classified as Impact Avalanche Transit 
Time (IMPATT) diodes. The reliability and compactness makes 
them one of the powerful amplifying devices in the microwave 
region. 

The statistical nature of avalanche multiplication is the cause 
of noise in IMPATT devices. The noise figure is found to depend 
on the variation of ionisation with field strength. It is experimentally 
found tht IMPATT diodes using Ge and GaAs are quieter than the 
Si devices. 


6.6.1 Tunnel diode 


; In this section wé consider a diode which- offers negative 
resistance under certain bias conditions. The negative resistance is 
due to tunneling and the diode is called a tunnel diode. It is used 
as an active device in electronic circuits in the frequency range of 
few hundred megahertz. Before we take up the principle of opera- 
tion of the device we digress to discuss some properties of semi- 
conductors with very high impurity concentration. The semiconduc- 
tors are referred to as degenerate semiconductors. 

It was proved in the first chapter that the Fermi level moves 
away from the mid band or intrinsic level when impurities are 
added. The extent to which the Fermi level moves is given by the 
expression 

N 
By ~ E; = kT ln nt (6.69) 
where `N is the impurity density and 7; the intrinsic carrier 
density. 

When E; ~ £; equals E,/2 the Fermi levelis moved to the band 
edge. For Ge and silicon the impurity densities necessary to móve 
the Fermi level to the band edges can be found as 1.75 + 10° met~8 
and 2.2+ 1025 met-8. If the impurity concentration exceeds the 
above values the Fermi level moves into the bands and the semi- 
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conductor is said to be degenerate The increase in the concentra- 
tion of impurities to large values increases the densities of impurity 
states near the band edges and the impurity states also form bands. 
The bands due to the impurity states overlap with the energy bands 
causing what is known as band tailing. One of the consequences of 
band tailing is a reduction in the width of the forbidden gap. 


E € 


CARRIER DENSITY CARRIER DENSITY 


_—_— 


VALENCE BAND 
NON DEGENERATE 
-N-TYPE SEMICONDUCTOR 


ence 
VALENCE BAND 
DEGENERATE N-TYPE 
SEMICONDUETOR 


Fig. 6.12. 


The band diagram of an isolated junction is given in Fig. 6.13. 
` As the semiconductor regions on either side are degenerate the 
barrier voltage existing across the junction is more than the band 


gap (0.7 V for Ge and 1.10 for Si) and the depletion layer is very 
narrow (of the order of 50 A). 


Fig. 6.13 


From the band diagram we notice th 
Separates electrons and vacant energy states having the same energy. 
The vacant energy states in the ‘valence’ and conduction bands 
are separated by a potential barrier of height equal to the band gap 
and of width equal to the width of the depletion layer. Due to the 
wave nature of electrons they tunnel through the barrier from one 
side to another. The tunneling process results in carrier flow 
the valence band on the P side to conductio 
and vice versa (In a normal dinde carriers move from the valence 
band to valence band and conduction b 


j r dt and to conduction over the 
barrier.) The tunneling probability P is given by the expression 


at the depletion layer 


from 
n band on the N side 


MICROWAVE SEMICONDUCTOR DEVICES : 177 


š 3/2 
P=exp(— 4 SIm =) (6.70) 

The probability. becomes appreciable when the field intensity 
reaches a value 108 V met~} as is obtained in a junction of degene» 
rate semiconductors. 

The tunneling current depends on the product of the density 
of electrons on one side, the density of vacant energy states on the 
other side of the barrier and the tunneling probability. The density 
of electrons on the P side within the energy range E and E+dE is 
n(E)Fo(E)dE, where n(E)dE is the density of states within the 
energy range E and (E+dE), and F,(Z) is the probability of their 
occupation. The density of vacant energy states on the N side of 
the barrier is ne (E) [I—F.(E)] dE, where n.(E) dE is the density of 
energy states and F(E) the probability of their occupation. 

Therefore the tunneling current from P side to N side in the 
energy range E and E+dE ; i 

œ Pn (E)F(E)n(E)[1—F.(E)] dE (6.71) 

The total current due to tunneling from P side to N side is 
obtained by integrating the expression (6.71) between the limits 
E, and E, (Fig. 6.13) 


aE 
lyc P [PEFD EAEE) dE (6.72) 
Similarly the S current from N side to P side 
Ey 
Tosy%P f n(E)F(E)[1—F(E)ntE) dE (6.73) 
The total asi through the junction 
Ey 
I= Ipgy—lygce®P (Fe) —F,(E)n(E)n (E) dE (6.74) 
Eo 


In an isolated junction the Fermi level is invariant therefore 
F(E) = FE) and the total tunneling current is zero. 

When a forward bias of V volts is applied the Fermi levels are 
separated by an energy gap qV and the band diagram is of the 
shape given in Fig. 6.14. 

The tunneling current under a forward bias of V volts can be 
obtained from expression (6.74). 
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Fig. 6.14. 


As the energy £ is close to the Fermi level the Fermi function 
can be approximated as 


al EE 
FER > — ET (6.75) 
FAE)—P(E) = Ete—E re mm (6.76) 


Esn—Ery is the energy difference between the Fermi levels on the N 
and P sides and is equal to gF. Substituting the value of F.(E)— F(E) 


in expression (6.74) we find that the tunneling current is given by 
the expression 


Es 
I= const - 27 f nE) + n(E) dE (6.17) 
E, ; 
n(E) «(E—E,)! R 
and no(E) œ (Eo—E)!!2 
- where E, and E, are the energies corresponding to the band edges 


on the N and P sides, Integrating. the expression (6.77) after 
substituting the values of ne(£) and 7,(E) we find 


yV 
= const -FF (E.—E,)? (6.78) 
Ev—E. = (E,—E jp) + (Ejn— )—(Eyn— Er) 
Esn—Eyy = qv 


Eta—E, and E,—E sy represent the extents to which the semicon- 


ductors on either side of the junction are degenerated, They can 


be related to voltages V,, and Vz so that 


E.—Es, = QW, 

and Em—E, = Vn 
On substitution of values (Z,—£,,), (Ern—E,) and (Ejn—Ers) 
we find fs = 


(E— E) = gV, + Va—y (6.79 
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The tunneling current is given by the expression 

I = const V(V,-+¥,—V)* (6.80) 
The variation in current with applied voltage can be found by 

differentiating (6.80) š 
dL const «[ W47 VBV—AV +Y] 68D 
The conductance is positive and the current increases with the 
applied voltage so long as (VaV) >V{Al Vn) — 3V}. The 
situation can be easily visualised if we remember that the densities 
of electrons and holes (vacant energy states) increase near the edges 
of the conduction and valence bands. For small forward voltages 
the current due to electrons tunneling from N side to P side is 
more than the current due to electrons tunneling from the P side to 
N side. The tunneling current reaches a maximum value when the 
applied forward voltage V = mm . When the applied: voltage 


Va + Vy 
3 


increases beyond the energy states having the same 


energy as the electrons in the valence and conduction bands fall in 
the forbidden gap and the tunneling current decreases. The tunnel- 
ing current becomes zero when the overlapping of the bands 
across the depletion layer disappears, i.e. when V =V,,-{-V,. The 
. . . V, 

diode offers negative resistance within the voltage range Yet. 
and Va +Vp. i 

The theoretical and experimental characteristic curves of a 
tunnel diode are shown in Fig. 6.15. 
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_ Fig. 6.15. 
The current through the diode does not fall to oa value as 


indicated in the theory but reaches a minimum value The minimum 
value of‘current is due to: (a) band tail tunneling; and (b) ex- 
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ponential excess current by way of tunneling through energy states 
in the forbidden gap. Since tunneling is a quantum mechanical 
phenomenon there is no time lag between the application of voltage 
and consequent current variation as such the tunnel diode can be 
operated at very high frequencies. 


6.6.2. Equivalent circuit of tunnel diode 


The tunnel diode is operated in the negative resistance region 
as an amplifier or an oscillator and the equivalent circuit is given 
in Fig., 6.16. 


-A 
t | | R 
Cc 
Fig. 6.16. 


L is the lead inductance, and C is capacitance of the junction 
given by the expression 


| MN a 
=e ee 
N,N, 
pret AL EE 
N  NatNa 


R, is the bulk resistance of the semiconductor regi i 
side of the junction. See Pay SON 


6.7.1 Ridley-Watkins-Hilsum (RWH) mechanism—Gunn effect 


Ridley-Watkins and independently Hilsum predicted that 
semiconductor materials under certain conditions can offer 
differential negative resistance. This differential negative resistance 
is a bulk effect and is due to transfer of electrons from one valley 
to another in the conduction band. The effect is experimentally 
observed by Gunn and is also known as Gunn effect. 

The semiconductor material on which extensive studies are 
made is GaAs and we discuss the RWH mechanism and Gunn 
effect in GaAs. The E—k diagram of GaAs (Fig. 6.17) has the 


following interesting characteristics due to which the Gunn effect 
is observed: - 
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(a) In the conduction band there are two valleys separated by 
an energy gap of 0.36 eV. 

(b) The effective mass of E 
electrons in the slower valley is { 
0.072 mo while the effective mass of 


electrons in the upper valley is 1.2 0-36eV 
mo (mo being the rest mass of 00| —K 
electrons). k 


(c) The mobility of electrons in 
the lower valley is 500 cm?/volt.sec 
while the mobility in the upper 
valley is 100 cm?*/volt.sec (the Fig. 6.17 
decrease in mobility is attributed adi 
to the larger effective’ mass). 

(d) The density of states in the upper valley is about 60 times 
the density of states in the lower valley. 

* Keeping in mind the band structure of GaAs we will study 
the current flow in the semiconductor. At room temperature all 
the electrons in the conduction band are located in the lower 
valley and the current density through the sample is given by the 
expression 


J = quangE (6.83) 
where u, is the mobility in the lower valley and ng is the density of 
electrons. The velocity of electrons and with it the current density 
increases with the electric field intensity. This would have con- 
tinued till the velocity of carriers reaches the scattering limited 
velocity had there been no upper valley situated close to the lower 
valley. Due to the presence of the upper valley the electrons are 
scattered into the upper valley after they reach a certain. velocity. 
The movement of electrons into the upper valley slows them down 
and the mobility is reduced. The current is now determined by 
the mobilities in the two valleys and the densities of electrons in the 
valleys. If n, and n are the densities of electrons in the lower and 
upper valleys and p, p the mobilities in the two valleys the 


current densitv is given by the expression 
J = glut pa) E 3 (6.84) 
= qnot 
nipit nH 


where B= fie 
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ponential excess current by way of tunneling through energy states 
in the forbidden gap. Since tunneling is a quantum mechanical 
phenomenon there is no time lag between the application of voltage 
and consequent current variation as such the tunnel diode can be 
operated at very high frequencies. 


6.6.2 Equivalent circuit of tunnel diode 


The tunnel diode is operated in the negative resistance region 
as an amplifier or an oscillator and the equivalent circuit is given 
in Fig., 6.16. 


=A 
t | R 
€ 
Fig. 6.16. 


L is the lead inductance, and C is capacitance of the junction 


given by the expression 
tf) Ses 
af 2Vi—V) (6.82) 


NN, 
+ _ “ald 
y Na+ Na 


R, is the bulk resistance of the semiconductor regions on either 


side of the junction. 


6.7.1 Ridley-Watkins-Hilsum (RWH ) mechanism—Gunn effect 


Ridley-Watkins and inde 
semiconductor materials under certain conditions 


effect in GaAs. The E—k diagra 
following interesting char 
is observed: - 


igram of GaAs (Fig. 6.17) has the 
acteristics due to which the Gunn effect 
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(a) In the conduction band there are two valleys separated by 
an energy gap of 0.36 eV. 

(b) The effective mass of E 
electrons in the ‘lower valley is { 
0.072 mo while the effective mass of 


electrons in the upper valley is 1.2 0-36eV 
mo (mo being the rest mass of 00| —K 
electrons). 


(c) The mobility of electrons in 
the lower valley is 500 cm?/volt.sec 
while the mobility in the upper 
valley is 100 cm?/volt.sec (the Fig. 6.17 
decrease in mobility is attributed : 
to the larger effective’ mass). 

(d) The density of states in the upper valley is about 60 times 
the density of states in the lower valley. 

* Keeping in mind the band structure of GaAs we will study 
the current flow in the semiconductor. At room temperature all 
the electrons in the conduction band are located in the lower 
valley and the current density through the sample is given by the 
expression 


J = quyngE (6.83) 
where p, is the mobility in the lower valley and no is the density of 
electrons. The velocity of electrons and with it the current density 
increases with the electric field intensity. This would have con- 
tinued till the velocity of carriers reaches the scattering limited 
velocity had there been no upper valley situated close to the lower 
valley. Due to the presence of the upper valley the electrons are 
scattered into the upper valley after they reach a certain velocity. 
The movement of electrons into the upper valley slows them down 
and the mobility is reduced. The current is now determined by 
the mobilities in the two valleys and the densities of electrons in the 
valleys. If n; and n are the densities of electrons in the lower and 
upper valleys and p, #2 the mobilities in the two valleys the 
current densitv is given by the expression 

J = q(tamt+panE _ (6.84) 


= qnot 


Myatt Ha 


w p= 
here H no 
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When all the electrons are transferred to the upper valley the 
current density is given by the expression 

J = qnot: (6.85) 

Thus we see that the current density varies with the field in 

accordance with the expressions (6.83), (6.84) and (6.85). From the 

plot showing the relation between current density and field in- 

tensity we find that the current density increases linearly till the 

field intensity reaches a value E,. 

This is due to the fact that all 

electrons are confined to the lower 

valley till the field intensity 

J reaches a value Ea. The current 

| also increases linearly with the 

> field intensity but with a reduced 

t slope after the field intensity 

00 ta €,—»eE teaches a value E. Ey is the mini- 

i mum value ofthe field intensity 

Fig. 6.18. for which all the electrons are 

_ transferred to the upper valley and 

the current density is determined by the mobility in the upper 

valley. The semiconductor material exhibits differential negative re- 

sistance when the field intensity has a value intermediate to Ea and 

E». The current density through the material for a field intensity 

E,<E<Ey depends on the densities of electrons in the two valleys- 
Differentiating expression (6.84) with respect to E, we have 


' 

Io. 

ri 
s2 


CHA On 
RE = aR (6.86) 
a_l, 3m an 
ors (i SE th oe ) (6.87) 
The differential ou has two components p, an, On, 


JE and Meat 

As the field intensity increases the density of electrons in the 
lower valley decreases, and the density of electrons in the upper 
valley increases, therefore, 3m/@E is negative and On2/0E is positive. 
Since #13>ye we find that the differential 04/32 has a negative value 
when the field intensity is between E, and Es. We need not go ‘into 
the details of the transfer mechanism to study the principles of 
operation of devices based on electron transfer between valleys and 
consequential differential negative resistance. We assume that the 
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mobility hasan average negative value p* (about 100 cm*/volt.sec) 
when the field intensity is between £, and Es. ` 


6.7.2 Dielectric relaxation time 


Any stray charge appearing at a point in a semiconductor 
decreases exponentially with a -time constant called the dielectric 
relaxation time. We now evaluate the dielectric relaxation time for an 
N-type semiconductor of conductivity 0. If n is the density of charge 
carriers at a point in an N-type semiconductor the charge at the 
point decreases with time as electrons move away. If it is assumed 
that the diffusion is negligible compared to the drift we have from 
the continuity equation 


an _ 1 dn 
d q dx 
= jaia e (6.88) 


The charge density at the point is qn and we have from the 


Poisson’s equation 
dE- =n 


dx € 


(6.89) 


Substituting the value of a from expression (6.89) in (6.88) 


d: 
dn _ =Gntnen 
dt E € 
Tieta (6.90) 


€ 
Integrating the above expression with the limit that at t= 0, 
n = no we have 


J n = no exp =+ (6.91) 
Therefore Q(t) = Qo exp — 
where eS < (6.92) 


The dielectric relaxation time is very small, of the order of 
10-12 secs, as such any localised charge disappears in a very short 
time and we are justified in saying that space charge neutrality is 
maintained in a semiconductor. If, however, the dielectric relaxation 
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time is negative the localised stray charge instead of decreasing in- 
creases with time and gives rise to a series of pulses of current. 
This is Gunn effect in brief, 


6.7.3 Gunn effect 


Gunn while experimenting on a sample of N-type GaAs found 
that the current through the sample increased linearly with voltage 
till a certain threshold voltage. Beyond the threshold voltage a nun:- 
ber of current pulses appeared with a time interval proportional to 
the length of the sample. The experimental facts can now be ex- 


plained on the electron transfer mechanism and consequent differen- 
tial negative resistance. 
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Fig. 6.19. 
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region. If P is an accumulation layer the electric field to the right 
of P is more than the field on the left. If the fields are projected on 
the current density field curve we notice that the current density on 
the left is more than the current density to the right; this causes an 
accumulation of electrons in the layer as it moves from A to B. If 
the sample is of sufficient length the accumulation layer stabilises 
at a value when the currents flowing into and out of the accumula- 
tion layer become equal. The layer moves at a velocity equal to the 
electron velocity in the sample and gives rise to a current pulse 
when it reaches B. The time interval between two pulses appearing 
at B is the time taken by the layer to traverse the bar and is equal 
to Livs, where L is the length of the bar. 

If we have a small dipole layer nucleating at A the dipole 
grows as it drifts along the bar if the electric field in the bar is 
above the threshold value Æ: This growth of the domain can be 
explained as follows. As the field inside the domain is more than 
the field outside, we notice from the E—J diagram that the current 
density inside the domain is less than the current outside. As the 
current densities are not equal, charges flow into the dipole layer 
and the dipole layer grows, The charge grows till the currents in- 
side and outside become equal. When the domain stabilises the 
voltage across the sample is the sum of the voltages across the 
dipole and the remainder of the sample. 


ATE aL | 
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Fig. 6.20. 


If Ee is the average field within a dipole of length d and Ei is 
the field outside the dipole, the voltage V across the sample is given . 
by the expression : 
à V = E:Łd+E(L—d) 
From the above expression we find the dipole separation d as 


SEA 
d= h (6.93) 
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The dipole separation depends on the voltage across the 
sample. The growth or decay of the domain while shifting along 
the sample is determined by the voltage V. From the E—J diagram 
it is obvious that the minimum field necessary to maintain a stable 
dipole is Æ. This field E, is called the sustaining field and the 
voltage LE, the sustaining voltage V,. 

The growth of an accumulation layer or a dipole is due to the 
differential negative resistance. The accumulation layer or dipole 
grows while moving along the sample as such the time during 
which they grow is the transit time within the sample L/vs, where vs 
is the drift velocity. We can now define a growth factor as the ratio 
of the size of the layer or dipole at the end of the bar Bto its size 
at A. This growth factor is evidently exp L/vsta*, where ta* is the 
dielectric relaxation time in’ the differential negative resistance 
region. We can now say that a stable domain or accumulation layer 
is formed when L>y,74*. Substituting the value of ta* we have 

Lny> oe = 102 cm? (6.94) 

The product of the sample length and the electron density is 
therefore an important factor determining the growth of domains 
or accumulation layer. 


6.7.4 . Modes of operation 


The differential negative resistance offered by a sample of GaAs 
is made use of in amplifying microwave signals and for generation 
of oscillations. The two terminal device is called a Gunn diode. It 
can be operated under different conditions for amplifying micro- 


wave signals. We now discuss briefly some important modes of 
operation. 


Limited space charge accumulation mode (LSA) 

In the limited space charge accumulation mode of operation, 
the domain formation within the sample is inhibited and the field 
within the sample is not distorted by’ the domains. The device 
amplifies a microwave signal when it forms a part of a resonant 
cavity and biased such that the steady field in the sample is more 
than the threstiold field as it offers differential negative resistance 
for field intensities more than the threshold value. 

One of the methods of inhibiting domain formation is to keep 
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the product of the electron density and sample length less than 
101° cm~? when there cannot be any domain formation as discussed 
before. Even if the moZ product 
is more than 101% cm~*, domain 
formation can be prevented by 
quenching the domains after 
their formation. Consider a 
sample across which a microwave 
signal of frequency f is applied. 
The electric field within the Fig. 6.21. 

sample is the sum of the field due to the biasing voltage and the 
field due to the signal voltage. If the voltages are adjusted such that 
the field rises above the threshold value and falls below the sustain- 
ing field during a signal cycle, we find that during a part of the 
cycle conditions are favourable for domain formation and during 
the other part of the cycle domains are quenched. 

Domains grow when the dielectric relaxation time is negative 
and we can write down the growth factor as exp (—*/ta), where Ta 
is the dielectric relaxation time. It has been shown earlier that 
Ta = ¢/qun, where ¥ is the mobility and n the electron density. The 
mobility is field dependent, as such the growth factor Gi can be 
written down as 


ty 
Gi = exp —& f pdt (6.95) 
0 
where ¢, is the time during which the field strength is above the 


threshold value. The decay factor Gz can be similarly written down 
as 


Gais exp( =m) f pdt (6.96) 
ts 


where t = + the period of the signal cycle. The above integrals - 


can be integrated only when the variation of mobility with field 
intensity is' known. The integrals can be written as 


CED (-2) 3 aj pdt (6.97) 
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ll pdt represents the growth of the domain during the time the 
0 


q 


€ 


T 
field intensity is above the threshold value while 1 fudi represents 


ty 

the decay of the domain when the field intensity falls below the 
threshold value. The multiplying factor no/f determines the relative 
magnitudes of the growth and decay. Limits are set in the value nolf 
so that domain formation is inhibited and the ‘ield-in the sample is 
not distorted by the domains. It is experimentally found that if 
no/f is within the limits 2x 104 and 2x 105 cm”? sec, the sample can 
be used to amplify in the LSA mode, The mode diagram for the 
LSA mode is drawn as in Fig. 6.22. The efficiency of amplifica- 
tion in the LSA mode is about 20%. 


Fig. 6.22, 


Transit time mode 
If the frequency of the microwave signal is such as to make fL 
equal to the velocity with which domains travel in a sample 
(10? cm/sec) and if the field within the sample never falls below 
‘the sustaining voltage, domains nucleating at the cathode reach the 
anode once in every cycle and there is transfer of energy from the 
biasing field to the microwave signal. The efficiency of conversion 
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will be maximum when the domains reach the anode during the 
negative half cycles of the signal. This can happen only when the 
domain width equals half the sample length. Itis proved that the 
domain width depends on the noL product and this product is ad- 
justed to obtain stable domains of half the sample length. This 
mode of operation is represented by a band about fL = 10" in the 
mode diagram. The efficiency in this mode of operation is about 


10%. 


0,0 :—>t T 
Fig. 6.23. 


Delayed domains 

If the period of the signal voltage is more than the transit time 
of the domain in the sample 
and further if the voltage falls 
below the threshold voltage a 
domain is formed in the sample 
only during the positive half of 
the signal cycle. During the for- 
mation of the domain and also 
during its transit through the 
sample the current through the 
device- is maintained at a low Fig. 6 24. 
value, The current suddenly rises 
to a large value and remains at the maximum value during the time 
the domain clears the anode. During this period the voltage across 
the sample is less than the threshold voltage, as such no domain is 
formed in the sample. The current wave form is a symmetrical 
square wave and the theoretical efficiency is about 27%. This mode 
of operation is referred to as delayed mode. 


OO scmt T 
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Quenched domain mode 

If the frequency of the microwave signalis very high so tlfat 
the signal period is much smaller 
than the transit time and if the bias 
voltage is adjusted such that the vol- 
tage across. the sample falls below the 
sustaining voltage during a cycle, 
domains are formed and quenched 
in the sample. If there is not suffi- 
cient time for the domains to be 
quenched, multiple domains appear 
in the sample. The sample offers 
Negative resistance and electrical oscillations of frequency many 
times the transit frequency may be generated. The advantage of this 
mode of operation is that the frequency of oscillation depends on 
the resonant circuit but not on the characteristics of the sample. 
The requirement for this mode of operation is for fL>2 107 
cm/sec. This mode of operation is called the quenched domain 
mode. 

As is evident from the above discussion the Gunn diode is a 
versatile semiconductor device and can be used for amplification or 
for generation of microwave oscillations. In an introductory text- 
book it is not possible to discuss all the possible modes of: opera- 
tion. Interested readers may refer to advanced books. 


Important Formulae 
1. Manley Rowe equations 


ake cna 
mo,+-nw:, 


m=—o n=0 


2. Capacitance of a junction «V-1/0n+2) 


LANCE e for an arbitrary dop- 
ing distribution i 


3. Cut off frequency of a varactor w. = ——_ 
CR, 


4. Dynamic cut off frequency of varactor 
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2 -H-z 
© Ra \ Cimin Ci max i 


5. Dynamic quality factor of a varactor Q = oe 
6. Impedance of a PrN diode = R+jX 
_ _ -(a—W) 
where R= Aerer) 
2 poe WY ia 
X= G@atey iy {a+ wee ls Hos 
Particle current density equations when there is avalanche 
multiplication 


| 


1 Jn OJn 
Be = FP balata) 


Vor ðt 
1 WJ, _ _ Oy pi 
in er ax +a(Ja +I) 


Inductance of the avalanche region in the Read diode 


= JJA 
Capacitance = €A/Xa 
Resonant frequency of the avalanche region K, Maxe 
E 


Ratio of particle current to total current Y = —> 


Lol 
w, 


Impedance of the drift region of the Read diode 


— W- xa 1—cos fs , W— Xa 
ERT ”  weAba jocd 
ee wo,” ) 


Tunneling current «V(V,+V,—V)* 
Dielectric relaxation time + = €/os 


Questions 


1. What is meant by parametric amplification? 

2. State Manley Rowe equations and explain on their basis: 
(a) up conversion, (b) amplification. 

Derive an expression for the reverse biased junction capa- 
citance when the doping is arbitrary. For which doping 


w 
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pan 


10. 


iy, 


12. 


22. 
23. 


profile does the capacitance vary inversely as the square 
of the applied voltage? 

What are the figures ‘of merit of varactor diode? 

Prove that the dynamic quality factor of a varactor is the 
reciprozal of the product of the angular frequency and 
series resistance. 

What is the important characteristic of a snap back diode? 
Give the typical doping profile for the diode. 

Evaluate the impedance of a PIN diode. 

Under what condition can a PIN diode be used as a switch? 
Derive differential equations for particle densities when 
there is avalanche multiplication. 

Derive the differential equations for the alternating field 
intensity in case of a PIN diode operated under break- 
down conditions. i 

What are the conditions necessary for transfer of energy 
from a steady field to an alternating field? Explain how 
these are satisfied in a Read diode? 

Show that the avalanche region of a Read diode has the 
characteristics of a parallel resonant circuit, Derive an ex- 
pression for the resonant frequency. 

Evaluate the impedance of the 
diode. - 


Under what conditions will the drift region of the Read 
diode offer a negative resistance? 

Explain why the Read diode offers positive resistance when 
the signal frequency is less than the resonant frequency of 
the avalanche region. 
What is a degenerate semiconductor? 
Derive an expression for the tun 
diode. 

Draw band diagrams and ex 
tunneling. 


drift region ina Read 


neling current in a tunnel 


plain the phenomenon of 


Explain the origin of negative resistance in 
conductor. 


What is meant by dielectric relaxation time? Ev: 
for an N-type semiconductor, 


Explain the growth of: (a) accumulation layer, (b) a 
dipole in a bulk GaAs semiconductor. 


State the condition for stable domain formation. 
Discuss briefly the modes of operation of a Gunn diode. 


a bulk semi- 


aluate it 


7. Opto Electronic Devices 


In this chapter we study some semiconductor opto electronic 
devices. Opto electronic devices are extensively used as light detec- 
tors and as sources of light. When used as a photodetector the 
device converts light energy into electrical energy—one of the 
extremely useful photodetector is the solar cell which is used to 
generate electric power. Among the light sources we have the semi- 
conductor laser which converts electrical energy into coherent 
radiation. The existence of an energy gap in a semiconductor is the 
basic property made use of in the opto electronic devices. We first 
study the devices based on absorption of light and subsequently 
take up devices used in converting electrical energy to light 
energy. 


7.1.1 Photoconductivity 


We know that electrons are excited across the band gap in an 
intrinsic semiconductor due to the energy they acquire from thermal 
vibrations and the creation of electron hole pairs in a semiconduc- 
tor is called thermal generation. Electrons are also excited across. 
the band gap leaving holes in the valence band when they receive 
the requisite energy from light incident on the material. This type 
of generation is called optical generation. For optical generation of 
charge carriers, it is necessary that energy of the photon Av is more 
than the forbidden gap. If the frequency of the incident light is 
such that /ty is less than the band gap the light is not absorbed and 
the material is transparent. It is interesting to note- that all trans- 


194 INTRODUCTION TO SEMICONDUCTOR DEVICES 


parent substances are either -insulators or wide band semi- 
conductors. È . 

One of the methods of determining the band gap in a semi- 
conductor is to plot the absorption coefficient of the material as a 
function of the frequency. From the plot we find that the absorp- 


tion coefficient suddenly rises at a frequency v when Ay becomes 
equal to E,. 


hv cEg 


ABSORP IION 
COEFFICIENT 


0,0 V FREQUENCY 
Fig. 7.1. 


If ? is the number of Photons incident on unit area of the 
material in unit time (units photons/cm?, sec) the number of hole 
electron pairs generated in one second or the generation rate 

r: g=%19 (7.1) 
where 4 is a constant called quantum efficiency. Alongside č: 
generation there is recombination in the semiconductor and equili- 
brium is*reached when the generation rate equals the recombination 


rate. If òn and Sp are the excess densities of electrons and holes in 
a sample exposed to light, we have 


arrier 


èn 5 
gees (7.2) 
Su a 
where 7, and 7, are the lifetimes of electrons and holes in the 


sample. 
The increase in conductivit 


y of the sample due to the increase 
in carrier densities is given by t 


he expression 
do = 9g(tu}tp-+Tnfty) (7.3) 


7.4.2  Photoconductors 
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Fig. 7.2. 


If the sample length is L, surface area A the number of hole 
electron pairs generated per unit thickness of the sample is LAg, 
where g is the generation rate. From expression (7.2) we find that 
the number of holes and electrons in the ‘sample increases by an 
amount LAgt. If one of the carriers only contributes to the current 
as is often the case (one of the carriers is trapped) the excess 
charge due to the excess density is gLAgt. The increase in current 
through the sample d/ can now be obtained as the ratio of the 
excess charge to the transit time ¢ 


dt = SEAge (7.4) 


The gain of the photoconductor is defined as the ratio of the 
increase in current to the total charge generated by optical excita- 
tion gLAg and is given by the expression 

G= $ (7.5) 

The transit time ¢ is the ratio of the length of the sample to 
the velocity of charge carriers. v = pE = pV/L, where V is the 
voltage across the sample. Substituting the value of the transit time 
in expression (7.5) we find that 


ay She (7.6) 


From the above expression we notice that the gain is inversely 
proportional to the square of the length. If L is decreased to 
increase the gain the surface area of the sample decreases and there 
is a decrease in sensitivity. The gain is increased by increasing the 
lifetime and selecting materials in which the carriers have a high 
mobility. One of the considerations in selecting the semiconductor 
material is its spectral response. Silicon, germanium and GaAs are 
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used in the extreme red region, PbS and InSb are used in the infra- 
red region while CdS is used in the visible region. The photo- 
conductor has a gain of about 105. 

Photoconductors find many day-to-day uses in exposure 
meters and relay circuits. In addition they are increasingly used for 
detection of coherent light waves and in electronic circuits incor- 
porating optical coupling. 

Electronic circuits can be coupled to one another optically. 
One of the circuits has a light emitting diode from which an inten- 
sity modulated light wave emanates. The light waves from the 
source fall on a photo detector and the signal is retrieved. 

The photon flux density in the emitted light can be expressed as 

? = 9+ 91 exp jor (7.7) 
When the light falls on a photoconductor the current in the 
conductor has a steady component and an alternating component. 


The steady component of the photon density generates a charge 
ngA¢ot in the photcconductor and current due to the photon 
density is given by the expression 
A 

Hees ae (7.8) 
where £ is the transit time through the detector 
component of the photon density generates carrie 
proportional to the light intensity and the nu 
generated is time dependent and can be expressed 
From the continuity equation we find 


The alternating 
Ts in the sample 
mber of carriers 
as 8% exp jot. 
jag Daf Z Po ; A 
JE8Po exp jwt = ~; EXpjet-+ngAe, exp jwt 
From the above expression we find 
— _ NART 

Po = ERT (7.9) 

The alternating component of the current is now obtained as 


= E. 
Io = 1g AQ 7 UF (7.10) 


The equivalent circuit of the 


: 2 Photoconductor when used in opti- 
w cally coupled circuit is as shown 
in Fig. 7.3. G in the equivalent 

Fig. 7.3. 


circuit is the r.f. conductance of 
the sample. The avera e power 
Output to a matched load is obtained ac i 
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We will see later that the signal power output from a photo- 
conductor is much less than the power obtained from a photo- 
diode. 

The important considerations in a photoconductor are: (a) 
dark resistance; and (b) response time. The dark resistance is the 
resistance of the sample in the absence of illumination. It can be 
increased by increasing the length of the sample, which is not 
advisable as it adversely affects the gain, some compromise is 
made in deciding the length of the sample. The response time 
depends on the lifetime of the carriers in the sample. We again 
see that when the lifetime is increased the response time increases 
as,such one has to sacrifice gain for the speed of response, 


7.2.1 Photodiodes 


Photodiodes convert light energy incident on them to elec- 
trical energy and the effect is called photo voltaic effect. They are 
used as sources of power (solar cell) and also as photodetectors. 
Before we proceed to discuss the specific use we consider some 
properties of an illuminated junction. ‘ 

When discussing the behaviour of a junction we noted that 
a barrier voltage exists across the depletion layer of a PN junction 
and the voltage opposes the diffusion ‘of majority carriers from 
one side to another. The barrier voltage is of such magnitude and 
direction as to maintain the minority carrier densities in the bulk 
regions at the thermal equilibrium values. The barrier voltage can- 
not be measured as the contact potentials are opposite in direction 
and the sum of the contact potentials and barrier voltage is zero. 

When a junction is illuminated the minority and majority 
carrier densities increase in the bulk semiconductor on either side 
of the depletion layer due to optical generation. As the field within 
the junction is from the N side to P side the holes generated on the 
N side move towards the P side where they become majority 
carriers. Similarly electrons generated on the P side move towards 


N side and become majority carriers. 
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Fig. 7.4. 


When the junction is open there cannot be any current, as 
such there is no movement of optically generated carriers from 
one side to another. The flow of optically generated carriers is 
opposed by an additional voltage appearing across the junction. 
The additional voltage is opposite in direction to the barrier vol- 
tage as it has to oppose the transfer of minority carriers from one 
side to another: In effect the barrier voltage is reduced due to 
optical generation and the change in barrier voltage appears as a 
measurable voltage across the junction. The open circuit voltage 
can never be greater than the energy gap. 

When the junction is shorted the minority carrier densities at 
the edges of the depletion layer and the barrier voltage fall to 
thermal equilibrium values. The minority carrier densities in the 
bulk regions are more than the thermal equilibrium values due 
to optical generation and the fallin minority carrier densities to 
thermal equilibrium values at the edges of the depletion layer 
gives rise to a gradient and a current flows out of the junction, 


This current is due to optical generation within the bulk semi- 
conductor region. A 


EEP 
NootGh 


Fig. 7.5. 


The effects of optical generation can be 
by writing down the diffusion equation in the presence of optical 
generation. It is interesting to note that in a PN junction we have 
optical generation accompanied by diffusion and Tecombination 


quantitatively found 
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while in photoconductor the optical generation is accompanied by 
recombination and drift. If g is the generation rate the diffusion: 
equation for holes on the N side is 


d? (èp) èp 
Ds =— T +g (7.12) 
Solving the equation for èp we find that 
Sp = Cexp~ +g» (7.13) 
‘Dp 


The constant C in equation (7.13) is to be evaluated from the 
boundary conditions prevailing at the junction. It was shown in 
Chapter 2 that the excess carrier densities at the edge of the deple- 
tion layer (x=0) is related to the voltage applied to the junction, 
v by the expression 


Pa (O) = Pu exp rA -1) (2.33) 
From the above boundary condition C can be found as 
V 
C= pis (exp fr )-s= (7.14) 


and 
V = 
è Dn (x)= [pa (exp AT -1)-2| exp tet (7.15) 
Similarly for electrons on the P side we have 
ig 
èn, (x)= E (exp = -1 =s] exp E tE 


When the applied voltage is zero, i.e. when the diode is shorted 
the excess hole and electron densities on the N and P sides. of the 
junction are zero. The densities of minority carriers in the bulk 
regions are more than the thermal equilibrium values due to opti- 
cal generation. The carrier density profiles are given by the 
expression (7.15). 

The current flowing when the junction is shorted can be ob- 
tained from expression (7.15) by setting V=0, we have 


dp | i) 

Ip=—qADy —— =—gGAgly | 
gens 7 x=0 t s (1.16) 

In 
iat) etch | 
In= GAD, dx | x=0 948 J 
The total current Iz=Jy+Jn 

=qAg (Ly+Ln) (7.17) 


flows out from the P side of the junction. 
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From the above expression we find that the current is due to 
carriers generated within a diffusion length on either side of the 
depletion layer. The carriers generated in the bulk semiconductor 
at distances more than the diffusion length do not contribute to 
the current as they are Jost in recombination. The current voltage 


relation for an illuminated junction can be obtained from expres- 
sion (7.15) as 


ay Dy Divon 1r Da Flap \( ai j- 
g= qa( Pp Pee +See \exp 2 -1)—1 (7.18) 
It has been proved in Chapter | that 


qå ( Po Pro 42s Hoe 


T =v (Reverse saturation current) 
D n 
Substituting the value of Jọ in expression (7.18) we have 


=h l exp tees V4 
I= ( exp 1) le (7.19) 
The current through the junction has two components—a 
component J, due to optical generation flowing from N side to P 


side within the junction and a component n( expt ) due to 


the forward bias appearing on the junction flowing from P side to 
N side. 


The above expression enables us to find the open circuit 


voltage as 
sie kT IGS a 
Pum in ( c+ 1) (7.20) 


The Z-V charactefistic of the illuminated junction can be 
drawn from the expression (7.19). 


The characteristic passes through 


the fourth quadrant indicating that I 
power is delivered by the diode. 

0.0 
1.2.2 Solar cell 


—-V 
The ability of an illuminated 


junction to deliver power is made use Fig. 7.6. 
of in a solar cell, used to convert solar energy into electrical energy. 


The considerations involved in the operation of the solar cell are: 
power delivered and efficiency of conversion. The cell is construc- 
ted by depositing a thin P layer on an N substrate. Contact is 
made to the P layer through narrow stripes so that the illuminated 
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Fig. 7.7. 


area is not reduced by the presence of contacts. The P layer thick- 
ness should be less than a diffusion length because the incident 
radiation should reach the junction and because the photo gene- 
rated current. /Lis due to carriers generated within a diffusion 
length on either side of the depletion layer. 

The solar radiation has a wide frequency spectrum extending 
from infrared to ultraviolet. As the function of the cell is 
to convert maximum solar energy it suggests that the semi- 
conductor used should have a narrow band gap However, 
when a narrow band gap semiconductor is used the high 
frequency radiation is strongly absorbed at the surface and the 
Photo-generated carriers do not reach the junction as they are 
absorbed near the surface. The open circuit voltage is also less 
for a narrow band gap semiconductor. In effect the solar energy 
converted is restricted to a narrow range of wavelengths. The 
wide band semiconductor GaAs is used for solar cells operated 
in outer space while Si is used for solar cells on the surface of the 
earth. One other advantage Si offers over is GaAs that the diffusion 
lengths for holes and electrons are larger. Extensive search is 
being made for materials that can absorb maximum solar energy. 

It was stated in the last section that an illuminated junction 
is capable of delivering power when operated in the fourth quad- 
rant, ie. when the voltage 
across the diode is less than 
the open circuit voltage. An 
ideal illuminated junction can 
be represented by an equiva- 
lent circuit as under. 

There are two current generators in the equivalent circuit—a 
generator representing the photo-generated current and another 
representing the forward biased current. If Vis the voltage across 
the junction the power delivered, P is given by the expression: 
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P=VI= vn( exp S% A 1)- Vi (7.21) 


The power is maximum when dP/dV is zero. Lifferentiating the 
above expression and equating it to zero we find that the maxi- 
mum power is delivered when the voltage across the diode is Vmp - 
The voltage at which the power delivered is maximum is obtained 
from the expression 


ia; Wap __ IL 
(1+ Vno exp TT RARA (7.22) 


The current when the power output is maximum Imp is ob- 
tained. from equations (7.21) and (7.22) as 


I 
yess ca * Vmp * exp aap . (7.23) 


The maximum power that can be obtained from the solar cell 


IY mp 

kT 

The ratio of the maximum power output to the incident opti- 

cal power input gives us the efficiency of power conversion. If Pin 

. is the optical power incident on the diode in watts/sq cm the 
optical power input is Pin A and the efficiency 


Pmax=Imp Vmp = 44 +Vinp * exp (7.24) 


=a Tog V'mp Vn 
it. Pa OP Er 
_ hg In Vm 
BED fg (+È J (1.25) 
(+ ir) 


The solar power density is about 100 mw/sq cm and the 
theoretical efficiency is about 22 to 28% for Si and GaAs cells. The 
practical efficiency is about half the theoretical value due to various 
losses. One of the major losses is the reflection at the surface of 
the cell. Anti-reflection coatings are given to minimise the loss. 


One other loss is the series resistance which we will discuss in some 
detail, 


The cell always has a resistance due to thickness of the semi- 
conductor material on either side of the junction. As one of the 
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Tegions is made thin for the incident radiation to reach the 
junction the series resistance 


is determined by the thin 
layer. If R, is the series Tesis- I, no 


tance of the ceil, the equiva- S 
lent circuit has the form as in 
Fig. 7.9. Fig. 7.9. 
The current Z in the 
circuit is now given by the expression 
I=! [exp oe þe (7.26) 


The power output is considerably reduced due to the series 
resistance. The ratio of the output power-to. the maximum available 
power is about 0.7 for a series resistance of 1 ohm while the ratio 
becomes 0.1 for a resistance of 10 ohm. As the series Tesistance 
arises out of the bulk resistance of the thin P layer on the top a 
Compromise has to be made between optical absorption which in- 
Creases as the layer thickness is increased and the series Tesistance 
which decreases with the increase in thickness. ` 


7.2.3 Photodiode detectors 


Diodes operated as detectors of radiation are all reverse 
biased. When radiation is incident on the diode the photo-generated 
carriers in the depletion layer and in the bulk semiconductors on 
either side of the depletion layer move under the influence of the 
electric field present in the depletion layer. The increase in reverse 
current is proportional to the intensity of the incident radiation. 

The carriers move in the 


N depletion layer at high 


3 $ hy velocities and there is not 
AY much time for recombina- 
P tion. We can say that all the 

A photo-generated carriers are 


collected by the reverse 
biased junction. 

If a photon flux 9 is 
incident on a diode of surface area A the number of charge carriers 
Collected by the junction is equal to the number generated and the 


Fig. 7.10. 
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increase in the reverse current is gd? (n being the quantum 
efficiency). When we compare the increase in current due to photo- 
generation in a diode to the’ increase in current in a photocon- 
ductor having the same area and same quantum efficiency we find 
that the current in the diode is ¢/z times larger in the diode. This 
factor is very large as the transit time £ is made larger than the 
lifetime of the carriers. The photodiodes are more sensitive than 
the photoconductors, ` 

When operated as detectors of intensity modulated signals we 


à have to take into consideration 

the capacitance of the reverse 

Aqu a biased junction and the equiva- 
; lent circuit of the diode when 

uséd to detect intensity modu- 
lated signals'is given in the 


Fig. 7.11 (R is the series resis- 
tance of the diode and C the junction capacitance), 


The maximum signal power available from the diode can 
easily be obtained from the equivalent circuit as 


Fig. 7.11. 


P= | ande(o) |?» hae (7.21) 


Comparing the power Output from a 
- we find that the output from the diode i 
that from the photoconductor. 
The photo-generated current in a 
a diffusion component and a drift 
component of the current is due to the 
carriers within the bulk semiconductor Tegions on either side of 
the depletion layer, while the drift current is due to the carriers 
generated within the depletion layer. If the diode is to be used 
for detecting intensity modulated signals the speed of response 
should be high; as such the diffusion component should be reduced 
and the drift component increased. The drift component of the 
current can be increased to a large value by increasing the width 
of the depletion layer. This is achieved in a PIN photodiode. 
It was seen in the last chapter that when a reverse bias 
is applied to a PZN diode the intrinsic layer between the P+ and 


photoconductor (7.11) 
S many times larger than 


diode has two components— 
component. The. diffusion 
diffusion of photo-generated 
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N* regions is depleted and we have a depletion layer of width 
equal to the thickness of the ‘layer. One other advantage of the 
PIN diode is that the width of the depletion layer and with it the 
capacitance can be adjusted to the desired value. 

The PIN photodiode has a thin N layer formed on the 
intrinsic layer above a P substrate. External contact is made to 
the N layer by stripes on the surface. The light incident on the 
surface reaches the depletion CONTACT STRIPES 
layer through the V layer and 3 
electron hole pairs are 
generated within the depletion 
layer. It can easily be shown 
that the drift current is very 
large compared to the 
diffusion current. 

While evaluating the re- 
sponse to intensity-modulated Fig. 7.12. 


signals one has to take into 
Consideration the transit time of the carrier. and also the phase 


change introduced due to definite transit time, in addition to the 
Capacitance. The thickness of the intrinsic layer is tailored for 


Specific applications. 
Certain amount of amplification of the light signal is possible 


by increasing the reverse voltage to a value sufficient to cause 
avalanche multiplication, the resulting diode is called avalanche 
phorodiode. 


7.3.1 Luminescence 


The light emission by materials is referred to as luminescence 
and is due to electron transitions from a higher energy state to a 
lower energy state when energy is released in the form of light. 
There are several types of luminescence depending on the method 
of excitation of electrons to higher energy states. In this section 
we discuss the Juminescence caused by radiative recombination of 
electron hole pairs. This luminescence is referred to electrolumine~ 
scence as the excitation is caused by current. 

Radiative recombination is a direct transition in the sense the 
electron just falls into an available vacant energy state releasing 
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energy in the form of light. As 
momentum is to be conserved in any 
transition radiative recombination 
can occur only when the momenta 
of the electron in the conduction 
band and the vacant energy state are 
equal. In direct band gap. semicon- 
ductors like GaAs the energy mini- 
mum in the conduction band and 
the energy maximum in the valence 
band occur at the momentum value 
k=0 as indicated by the E—k dia- 
gram. 


Fig. 7.13. 


Therefore radiative recombina- 
tion is a first order process in direct band gap semiconductors. 
Some direct transitions occur im other semiconductors between the 
conduction band and energy states having the same momentum 
called luminous centres, 

In a nonradiative recombination Process the electron transi- 


tion to a lower energy state involves phonons and as such the 
energy released is converted to heat. 


We now consider the re- 
combination process to evaluate CONDUCTION gano 


the ratio of the radiative re- ----—----- PEFS RON TEARS 
combination rate to the genera- =27-7------ poe ESBS 
tion rate. The ratio is called the MSLENCE ERNU 

luminescence efficiency. The . Fig. 7.14. 


simplest picture of recombina- 


tion can be obtained by assuming existence of electron traps below 
the edge of the conduction band and luminous centres above the 
edge of the valence band. 

Let 


n be the density of electrons in the conduction band 
p—density of holes in the valence band 
N,—density of electron traps 
N,—density of luminous centres 
n,—density of electrons in electron traps 


Pi—density of vacant energy states at the luminous centres 
a,—electron capture rate by traps 
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f—radiative recombination rate 
Yi—rate at which trapped electrons are released from 


electron traps by thermal agitation 
è- rate of non-radiative recombination of electrons from 
trap levels 
If G is the generation rate we can write down the rate equa- 
tions for the various energy levels. 
Electrons in conduction band 


0 = AL GoM) Bot Yams (7.28) 
For electrons in trap levels 
0= ae = y (Ni—n)— òn:p— Yn (7.29) 
Adding equations (7.28) and (7.29) and rearranging we have 
G = Bnp,+8mp (7.30) 


The above expression indicates that the radiative recombina- 
tion is in direct competition with non-radiative recombination. 
The ratio of the radiative recombination rate to the generation 


rate 
— Bar = 1 
4 = G Lp Sab (7.31) 
Pnpr 


If we assume that the Fermi level is situated in between the 


luminous centres and trap levels we have 
E;—E, 
nN: Er 


E;—E; 
Doe N, exp pa 


m Ne B-E (7.32) 


where E, and £; are the energies at the luminous centres and trap 
levels. Substituting the value of 1,/p, in expression (7.31) we find 


that the efficiency is given by the expression 


P pN, exp( — EE tie ; 
ma [ rea a (7.33) 

The efficiency depends on the ratio N:/N, and the exponential 
term. Higher efficiencies can be achieved by increasing the density . 
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of lumincus centres. The exponential term indicates that the 
efficiency decreases with increase in temperature. 


The luminescence in semiconductors is the basis of diode 
lamps. 


7.3.2 GaAs diode lamp (light-emitting diode) 


When a GaAs PN junction is forward biased radiative re- 
combination occurs near the junction and light of energy equal 
‘to the band gap is-emitted. As the band gap of GaAs is 1.4 eV 
the wavelength of the emitted radiation is 8855 A. 

As the refractive index of GaAs is above 3.4 the critical 
angle is less than 18° and only light incident at angles less than 
18° transmitted, rest of the radiation is internally reflected and 
absorbed when the junction is plane as in Fig. 7.15, To obtain 
maximum efficiency the geometry of the junction is designed in 
such a way that maximum amount of light emerges. One of the 
geometries is a spherical one for which the efficiency is large: 


Fig. 7 15. 


Fig. 7.16. 


The diode lamps have maximum efficienc: 
as stated earlier and the light emitted 
frequency of the emitted 
on the band gap. Extensi 


y at low temperatures 
is monochromatic, The 
light is a material property depending 
ve search is being made for materials 
capable of emitting light at different frequencies. The response 
time for the diode is very short—of the order of nanoseconds, 


this property of the light-emitting diode makes it suitable for 
: optical coupling in electronic circuits, 


7.4.1 Spontaneous emission—stimulated emission 


Light emission at a, junction is due to electron irgasition 
from conduction band to vacant energy states. Different electrons 
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in the conduction band fall to vacant energy states at different 
instants and the emitted photons are not time coherent, The 
emission is spontaneous. The number of transitions in vnit- 
volume of material in unit time or the rate of spontaneous emission 
is proportional to the density of electrons in the higher energy 
state, a 
Einstein proposed almost .a quarter century earlier that the 

electrons in the higher energy state may be induced to fall into a 
lower energy state releasing photons of energy equal to the 
energy difference between the states. The emission is referred 
to as stimulated emission. One of the greatest advantages of 
stimulated emission is that all the emitted photons are time 
coherent as the electron transitions in stimulated emission occur at 
the same instant. The rate of stimulated emission is proportional 
to the product of the density of electrons in the higher energy 
state and the radiation density in the material. 

' As the stimulated emission is induced by radiation of the 
same frequency we have amplification. The amplification is called 
Light Amplification by Stimulated Energy Radiation or Laser. 


7.4.2 Two-level system 


Before proceeding to discuss Laser action at a junction we 
study in some detail the spontaneous and stimulated emissions in 
a two-level system. 

Let E, and Ea be two allowed energy levels between which 
electron transitions can occur and £,—F2=/hyv. Also let the densities 
of electrons in the two states be nı and ng. The spontaneous 
emission rate=A,2m, where A2 is the probability of spontaneous 
emission. 

If the material is located in radiation of density (uy) 
at the frequency v, stimulated transitions occur and the stimulat- 
ed iransition rate is proportional to the product of the radia- 
tion density (wy) and the density of electrons in the higher energy 
state (1). X 

The stimulated emission rate=8;;. (uy), where Bis is the 
probability of stimulated emission. : : 

As the material is located in radiation of density (uy) the 
radiation is absorbed by the material and electron transitions 
occur from the energy state £2 to the higher energy state 4). The 
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absorption rate or the number of transitions from energy state 
E to Ei is proportional to the product of the radiation density 
(uy) and the density of.electrons in the lower energy state (n2). 
Therefore the absorption rate=B., + nz (uy), where Bs, is’ the 
probability of absorption. Under thermal equilibrium conditions 
the total emission rate equals the absorption rate and 
Aiz M+ Bion (uy) = Bay na(uy) (7.34) 
From the above equality the radiation density at the frequency 
is obtained as 
An 
Banz— Bion, (7.35) 


If the material is assumed to be in thermal equilibrium we have 
on application of Boltzman statistics. 


uy = 


ny = n exp( - Af) (7.36) 
From expressions (7.35) and (7.36) we find that 
(uy) = Ars (7.36) 


Bei exp (A3) 


The radiation density (uy) in the system is given by Planck’s 
law as 


y3 
(u) = mty A (7.37) 
3 
e (ap gr =1) 
Expressions (7.36) and (7.37) agree only when By = Bz. 


Therefore it is obvious that the prob: 
probability of stimulated emission. Further 
Ae Bariy? 
Bay 3 (7.38) 
The satio is negligibly sm 


eelis all at optical frequencies indicating 
that when a material is located in radiation of frequency v absorp- 


tion predominates spontaneous emission, If the thermal equilibrium 
is dropped, the number of transitions in unit time from the energy 


state Hy to energy state Eo is A12 m+ Bio (nı—n2)uy. The time rate 
of change in radiative density is given by the expression 

‘duy = jv {A y 

TP 1271- Byo(m—ne)uy} (7 39) 

The radiation density due to tr; 

to another either decreases or incre. 


ansitions from one energy state 
ases with time depending on the 


ability of absorption equals the 
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factor Bio(m—ne)(uy) as A12 is negligibly small. If m >z the radia- 
tion density increases with time according to the above expression. 
The radiation is stimulated and the emitted photons are all in 
phase. 

Stimulated radiation can be obtained from a two level system 
when the density of electrons in the higher energy state is more 
than the density in the lower energy state (population inversion). 


7.4.3 Injection laser 
We studied in the last section the light emission in a forward 


biased GaAs PN junction. The emission is due to spontaneous 
transitions from the conduction band to the valence band, the 


DEPLETION 
LAYER 


Fig. 7.17. 


radiation is spread over a frequency range and also non-coherent, 
Coherent radiation is obtained from a forward biased PN junction 
by providing an optical cavity at the junction. $ 

The opposite end faces of the junction are cleaved and polished 
so that the emitted radiation undergoes multiple reflections and the 
radiation density is maintained at an appropriate value. The 
material on either side of the junction is heavily doped making 
it degenerate. (The doping level is less than that in a tunnel 
diode ) As the material on either side is degenerate the barrier 
voltage is more than the energy gap and it is possible to apply a 
forward voltage greater than the energy gap. 

We now calculate the forward voltage needed to produce 


population inversion in the depletion. layer where radiative re- 


combination occurs. E > te 
The electron density in the conduction band within the deple- 

tion layer is given by the expression 
Ye = Ci fle) (7.40) 
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Fig. 7.18. 
where C3 is a constant and 
: 1 
en eee aoe (7.41) 
Slap EN 
PeT 


Pn being the quasi-Fermi level for the electrons on the P side. The 
electron density in the valence band within the depletion layer 


m =C fir) (7.42) 
where C% is a constant and 
1 
) = 43 
fa Eas. (7.43) 
1+exp kT 


Pn being the quasi-Fermi level for holes on the N side. 

If (uy) is the radiation density at a frequency v such that hy>£, 
the radiation is absorbed during electron transitions from the 
valence band to the conduction band. The number of transitions in 
unit time from the valence band to the conduction band is propor- 
tional to the product of the density of electrons in the conduction. 
band, C2-f(v), density of vacant energy states in the valence 
band Ci {1—f(c)} and the radiation density in the optical cavity 
(uy). The transition rate . 

dia = Wre + Cr+ Co+ FO —fO)} (7.44) 
Woe is the transition probability for transitions from the valence 
band to the conduction band. 

Stimulated transitions occur from the conduction band to the 
valence band and the transition rate is proportional to the product 
of the density of electrons in the conduction band Ci f(c) density of 
vacant energy states in the valence band Ce{l —f(v)} and the radia- 
tion density in the optical cavity (u). 

The transition rate 


d 
A Wee Cr+ Ca OfO (1.45) 
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W. is the transition probability for transitions from the conduction 
hand to-the valerice band. 
The radiative density in the ity builds up when 
dm dna 
, at alla 
As the transition probabilities Wev and We, are equal we have from 
expressions (7.44) and (7.45) the condition for the buildup of radia- 
tion density as 
5 fic) > fr) (7.46) 
Substituting the values of f(c) and f(v) from expressions (7.41) 
and’ (7.43) we have the condition for population inversion as 


Eo— Py > Eo— 
Pn-- Pp > E,-— Ev 
> By (7.47) 


@n—Py is the applied forward voltage. We thus find that the 
voltage should be more than the energy gap. This is the reason 
why the semiconductor regions must be degenerate. The frequency 
of the radiation v is such that hy < Es. Often the stimulated radia- 
tion is due to transition between the band tails. (Band tailing occurs 
as the material on either side is degenerate.) 

As the radiation of frequency v propagates through the deple- 
tion layer in which there is population inversion the intensity of 
radiation increases due to stimulated transitions. If Jy is the inten- 


A oy Saë PIY: iy 
sity of radiation at a frequency v the radiation density is uy = = 
and the number of stimulated transitions in a distance dx is Biz 
(nı—n2) a dx. The increase in energy due to stimulated transi- 


tions or the increase in energy flux 


dy = hvBro(™,—n2) dx (7.48) 
Substituting the value of Bis from expression (7.38) we have 
dl, = g z * Aig * (m—ne)ly dx 
Srv 


As the wave is propagating in the semiconductor material the 
velocity of light is c/u, where p» is the refractive index of the 
material. 


(*spont being lifetime of spontaneous 


Writing 412 = aaa 
pt: x 
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emission) and rearranging we have 
aljas. es A (7.49) 
L Bav? H”Tspont 
The intensity of radiation increases as it propagates through 
the depletion layer. We can now define gain as the increase inten- 
sity for unit distance of propagation in a region of population 
‘inversion. The gain is given by the expression 
c?(m—ne) 
E= BaF pens ore 
At absolute zero of temperature the energy states above 
the quasi-Fermi level in the valence band are empty and nz = 0. 
m/Tspont gives the number of radiative transitions occurring in unit 
volume of the active region (depletion layer). The gain expression 
can be written in a more useful form in terms of the current through 
the junction. If J is the current density through the junction, the 
number of electrons crossing unit area is J/q, and the number of 
photons emitted in the active region is yJ/q, where qis the quantum 
efficiency. If d is the width of the depletion layer the number of 
photons emitted in unit volume is nJ/qgd. We can therefore, write 
nı aae nd 


= a Gd (7.51) 
From expressions (7.50) and (7.51) we obtain the gain g as 
Bee kii 
E= Bngutved 


We have been assuming till now that the emitted radiation is 
of a single frequency v. This is not correct as the transitions do not 
occur between well-defined energy states. The radiation therefore 
has a definite band width Av. If we take the band width into consi- 


deration the gain for unit frequency in the band is given by the. 
expression 


eJ 

T aedis (75%) 
Having calculated the gain due to stimulated emission we now 
proceed to determine the condition 
under which coherent radiation is 
emitted from the junction. The 
radiation emitted at a point P in 
the active region travels towards 
the end where it undergoes reflec- 
tion.: After -reflections at the 


Fig 7.19. 
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boundaries it reaches the point P again. During the round trip 
there is absorption in the material alongside gain. Also there is loss 
of energy at the reflecting ends. If Jo is the intensity of radiation at 
the point P, « the absorption coefficient and Ri, Re the reflection 
coefficients of the end faces, the intensity of the radiation after one 
round trip in a cavity of length L is given by the expression 
I= [,ki Re exp [2(g—«)]L (7.53) 
Coherent radiation is obtained from the cavity when I = Io 
or when 
= Ri Re exp [2A g—#)]L (7.54) 
writing R= /RiRe. 
The condition for emission of coherent radiation from the 
cavity is 
l l 
J=a+ lL In R 
Substituting the value of g from expression (7.52) we find thres- 
hold current density necessary. for lasing 


(7.55) 


8Brgu? y? Av 1 1 
gin = a fet EA In zi (7.56) 
1 l 1 
yates 2a ies 
p {x t+ In at 
where B= T (7.57) 


Brg? v? Ay 

The above equations are valid at 0°K only as it has been 
assumed earlier that energy states above the quasi-Fermi level are 
vacant. However the expression gives an idea of the threshold 
current density necessary for lasing. 

_The current density is about 80 amp/cm* at liquid helium 
temperatures but several hundreds of times at the room tempera- 
ture. This is because the absorption coefficient increases rapidly 
with temperature. Junction lasers are continuously operated at 
liquid helium and liquid nitrogen temperatures. Continuous opera- 
tion at room temperature involves large threshold currents and 
considerable heat dissipation at the junction. At room temperatures 
the lasers are operated only in pulsed conditions. For current 
densities less than the threshold current density the absorption in 
the cavity is more than the gain and the light emitted is due to 
spontaneous emission, as such the band width of the emitted radia- 
tion is wide. When the current density reaches the threshold value 
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the gain equals the losses in the cavity. As the gain is inversely pro- 
portional to the square of the frequency the stimulated emission is 
restricted to a very narrow band about the central frequency. The 
radiation is monochromatic. 

Population inversion in a semiconductor can also be achieved 
by optical pumping or by electron bombardment. 

We have discussed GaAs injection laser in some detail. At 
present a number of semiconducting materials, which can lase at 
different frequencjes, are available. The requirement for a material 


suitable for lasing is that it should be a direct band gap semi-, 


conductor and also capable of being doped to form a junction. 


Extensive search is being made for materials that can be used for 
lasing. 


Lasers are used in the fields of communication, holography, 
medicine etc., and the-potentialities of its use are vast. It is not 
possible in an introductory book on semiconductor devices tO 
discuss the research and technological applications. An attempt is 


made in this book to present the basic principle of operation of an 
injection laser. ' 


Important Formulae 
1. Change in conductivity of a sample exposed to light 
= do = MAPT trt Tnpn) 
2. Gain of a photoconductor G = nae 
Average power output of a photoconductor 
pil gM Stel 
= 5 A) GE 
3. Current voltage relation of an illuminated junction 
á 
I= (exp HA -1)-n 
4. Efficiency of a solar cell 
~i TGV? mp 16; 1 
wv sas aD 
AKT (1+ FF Vw) in 
5. Maximum power available from a photodiode 
=| qn | E 
| anaga) ara 
6. Luminescence efficiency 
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e èpN: £.—E, vl 
=[1+ BaN: exp (- 4") ] 


The ratio of the spontaneous to stimulated emission probabi- 


lilies 
Aiz _ 8xhv® 
Bi ps g 
Gain in the optical cavity of an injection laser 
ner 


Ques 
L 


E= SxquivedAy 
Threshold current density in an injection laser 


__ _8rgp?v Av 1 1 
Jian = ae ae [e+ T In R 
tions 
What is the necessary condition for optical generauon of 


‘ charge carriers? How is this phencmenon used to determine 


N 


ti. 


the band gap of a semiconductor? 

Derive an expression for the change in conductivity of a 
sample of intrinsic semiconductor when exposed to light of 
intensity ọ photons/cm?. sec. 

What is meant by the gain of a photoconductor? Derive an 
expression for the gain in terms of the length of the sample 
and the voltage across it. 

Find an expression for the average power output from a 
photoconductor when. used to detect intensity modulated 
optical signals. 

Derive the current voltage relation for an illuminated junc- 
tion. From the expression evaluate: the open circuit voltage; 
short circuit current. 

Explain the condition under which an illuminated junction 
delivers power. 

Derive an expression for the efficiency of a solar cell. 

Draw the equivalent circuit of solar cell. How is the effici- 


ency affected by the series resistance? 


Explain the operation of a photodiode, 
Draw the equivalent circuit of a photodiode when used to 


detect intensity modulated signals and evaluate the maximum 


Power available. 
Compare the response 
photoconductor. 


time of a photodiode with that of a 
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12. 
13. 
14 
15. 


16. 
i7: 


18. 
19, 
20, 
21. 


22. 
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What is meant by electroluminescence? What is the require- 
ment to be satisfied for luminescence in a semiconductor? 
Show that non-radiative recombination is in direct competi- 
tion with radiative recombination. 

What is meant by luminescence efficiency? Derive an expres- 
sion for the luminescence efficiency of a semiconductor. 
Describe the construction of GaAs diode lamp. Where is it 
used? - 

Distinguish between spontaneous and stimulated emission. 


Evaluate the ratio of the probabilities of spontaneous and’ 
stimulated emission. 


What is meant by population inversion? 

What is the necessity of optical cavity in a laser? 

For what forward voltage does population inversion occur 
in a forward biased junction? 

Derive an expression for the gain in the optical cavity of an 
injection laser. 


Evaluate the threshold current density, at which lasing occurs 
in a junction laser. 
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